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PREFACE. 

ry>HE  advantages  derived  from  the  fcience  of 
**■  Natural  Philofophy  are  fo  great,  and  fo 
univerfally  acknowledged,  that  an  enumeration  of 
them  would  be  unneceffary,  if  it  did  not  fer-ve  to  en- 
liven and  direCt  that  fpirit  of  enquiry  which  is  natu- 
ral to  youthful  minds,  and  to  awaken  thofe,  who 
from  a want  of  reflection,  are  not  inclined  to  look 
into  the  caufes  of  things.  We  are  apt  to  regard 
objeCts  to  which  we  have  long  been  familiarized, 
with  languor  and  indifference : and  we  now  behold 
effeCts,  without  even  the  emotion  of  curiofity, 
which,  in  lefs  enlightened  ages,  would  have  been 
thought  miraculous. 

Man,  in  a rude  and  favage  (late,  with  a preca- 
rious fubffftence,  expofed  to  the  inclemencies  of 
the  feafons,  and  the  fury  of  wild  beafts,  is  an  ob- 
ject of  pity,  when  compared  to  man  enlightened 
and  afiifted  by  philofophy.  Ignorant  of  architec- 
ture, of  agriculture,  of  commerce,  and  of  all  the 
numerous  arts  which  depend  upon  the  mechanic 
powers,  he  exifts  in  the  defart,  comfortlefs  and 
unfocial,  little  fuperior  in  enjoyment  to  the  lion  or 
the  tyger,  but  much  their  inferior  in  ftrength  and 
fafety.  If  it  be  true,  that  man  ever  exifted  in  this 
ftate,  it  could  not  have  lafted  long : the  exertion 
of  his  mental  ftrength  muft  have  given  rife  to  the 
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arts.  Aided  by  thefe,  the  wildernefs  becomes  a 
garden,  embellifhed  with  temples,  palaces,  and 
populous  cities ; and  he  beholds  himfelf  removed 
to  an  immenfe  diftance  from  the  animals,  to  which 
in  his  original  ignorance  he  Teemed  nearly  allied. 

The  fciences  bellow  that  leifure  and  inde- 
pendence which  have  enabled  fuperior  minds  to 
form  laws,  and  to  eftablifh  the  rights  of  man- 
kind, by  mutual  compadt  between  the  power- 
ful and  the  weak.  By  this  leifure  it  is,  that  inge- 
nious and  fpeculative  men  have  collefted  maffes 
of  knowledge,  which  induce  us  to  regard  the 
powers  of  the  human  mind  with  altonifhment. 
Hence  we  poffefs  the  admirable  fcience  of  Allrono- 
my.  A fcience  founded  on  the  rnoft  accurate  and 
long-continued  obfervations,  and  fyftematized  by 
the  pureft  mathematical  reafoning;  but  at  the 
fame  time  fo  remote  from  vulgar  apprehenlion, 
that  its  daily  and  important  ufes  and  predi<5lions 
are  hardly  fufficient  to  prevent  its  being  regarded 
by  the  ignorant  as  a chimera! 

The  other  departments  of  Natural  Philofophy 
are  not  lefs  replete  with  wonders.  How  great 
would  have  been  the  furprife  of  the  antients,  could 
they  have  foreknown  the  effects  which  are  pro- 
duced by  the  reflection  and  refradlion  of  light? 
By  a fkilful  management  of  thefe  properties,  tele- 
fcopes,  and  various  optical  inftruments  are  con- 
ftrufted.  Objedls,  too  remote  to  be  perceived  by 
the  naked  eye,  are  enlarged  and  rendered  vifible. 
The  fatelihes  of  Jupiter  and  Saturn,  the  moun- 
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tains  and  cavities  in  the  Moon,  and  the  changes 
which  take  place  on  the  Sun’s  difc,  are  thus  diico- 
vered,  and  afford  matter  for  admiration  and  en- 
quiry. Neither  is  this  delightful  fcience  of  Optics 
confined  to  the  contemplation  of  diftant  objects. 
Minute  animals,  the  veffels  of  plants,  and,  in 
fhort,  a new  world  in  miniature  is  difclofed  to  our 
view  by  the  microfcope,  and  an  inexhauftible  fund 
of  rational  entertainment  and  knowledge  is  brought 
within  the  fphere  of  our  fenfes. 

Every  one  is  acquainted  with  the  benefits  derived 
from  the  fcience  of  Hydroftatics,  to  which  we  are 
indebted  for  many  ufeful  inventions.  Among  thefe 
are  wind  and  water-mills,  pumps,  fire-engines, 
fteam-engines,  &c.  &c. 

Chemiftry  is  productive  of  great  and  Angular  ad- 
vantages to  fociety.  Metallurgy,  in  its  utmoft  ex- 
tent, the  arts  of  making  glafs  and  pottery,  of  dying, 
and  many  others,  together  with  a very  considerable 
part  of  the  materia  medica,  are  dependant  on  this 
branch  of  philofophy.  The  vaft  importance  of 
metallurgy  may  be  rendered  obvious  from  the 
Angle  consideration  of  the  many  ufes  to  which  iron 
is  applied.  Without  this  metal  we  fhould  be  almoft 
totally  incapable  of  making  any  utenfil  or  inflru- 
ment.  It  is  difficult  to  recollect  any  production  of 
art  in  the  formation  of  which  iron  is  not  made  ufe 
of:  and  the  very  exiftence  of  naval  commerce 
depends  on  its  magnetical  property. 

Philofophy  is  not  therefore  a dry  Rudy,  but  a 
purfuit  of  the  highefl  utility  and  entertainment, 
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Thole  who  cultivate  the  fciences  know  that  the/ 
naturally  produce  a fincere  and  difinterefted  love  of 
truth.  An  enlarged  view  of  things  deftroys  the 
effects  of  prejudice,  infpires  the  propereft  ideas  of 
the  great  original  caufe,  and  promotes  a detel- 
tation  of  every  thing  that  is  mean  or  bafe.  And 
if  there  be  'a  pleafure  in  attending  to  objedts 
which  fill  the  mind  by  their  immenfity,  and  delight 
the  imagination  by  the  continual  difcovery  of 
new  and  fublime  analogies,  it  is  not  to  be  won- 
dered that  philofophers  purfue  their  ftudies  with 
a degree  of  attention  and  ardor  which  is  not  fcund 
in  any  other  fet  of  men. 

The  order  of  arrangement  in  the  prefent  work  is 
fuch  as  was  fuggefted  by  the  fubjedts  themfelves. 
After  a curfory  enumeration  of  the  general  pro- 
perties of  matter,  Motion  is  principally  attended 
to,  being  that  affedlion  of  matter  by  which  all 
changes  are  brought  about.  Mechanics  and 
aftronomy  naturally  follow ; and  are  fucceeded 
by  an  elucidation  of  the  properties  and  motion 
of  Light.  The  more  complex  motions  of  Fluids 
and  the  atmofpheric  phenomena  are  next  confi- 
dered.  Thus  far  it  will  be  obferved,  that  the 
work  treats  of  fuch  general  effedts  as  arife  from 
the  motions  of  bodies,  without  any  particular  re- 
fpedt  to  thofe  fpecific  properties  which  dillinguilh 
them  into  various  claffes.  The  remaining  part  of 
the  treatife  is  employed  upon  thefe  fpecific  pro- 
perties : a long  fedlion  upon  Chemiftry  is  given  for 
the  purpofe  of  explaining  them  as  far  as  they  are 
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at  prefent  known,  and  are  capable  of  being  under- 
Hood  by  mere  reading.  Magnetifm  and  eledri- 
city  occupy  the  concluding  fedions.  Upon  the 
whole,  therefore,  it  will  be  feen,  that  the  molt 
fcientific  and  beft  eftablilhed  parts  of  Natural  Phi- 
lofophy  are  firft  treated  of,  and  are  followed  in 
fucceflion  by  others,  which  are  lefs  underftood. 

This  treatife  being  intended  to  give  a clear  ac- 
count of  the  prefent  Rate  of  Natural  Philofophy, 
to  fuch  as  poflefs  very  little  mathematical  know- 
ledge, care  has  been  taken  to  feled  fuch  fads 
and  experiments  as  tend  to  eftablifh  elementary 
truths.  The  varieties  of  experiments  of  the  fame 
kind  are  not  therefore  numerous  j but  it  is  hoped 
that  the  advantage  of  a greater  number  of  general 
principles  is  by  that  means  obtained.  Philofophi- 
cal  inftruiTu.nts  likewife  are  not  minutely  defcribed. 
References  to  the  parts  of  drawings  are  not  often  read 
or  underftood  : for  this  reafon,  it  was  thought  bet- 
ter to  explain  their  general  conftrudion,  and  leave 
the  minutiae  to  ocular  infpedion.  The  grand  ob- 
ject, throughout,  has  been  to  relieve  the  memory, 
and  aflift  the  underftanding,  by  concifenefs  and  il- 
luftrative  arrangement. 

Thofe  prolix  difquifitions,  which  render  the 
commentator  lefs  intelligible  than  the  author  com- 
mented upon,  are  thus  avoided  : neither  has  the 
affedation  of  familiarity,  which  is  ulually  attended 
with  a lax  and  unphilofophical  explanation  of  one 
event  by  another  equally  obfcure,  been  indulged. 
On  the  contrary,  the  author  has  every  where  en- 
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deavored  to  preferve  that  lolidity  of  argument,  and 
precifion  of  expreflion,  which  diftinguifh  the  works 
of  the  bed  philofophers.  And,  notwithstanding 
the  nature  of  the  undertaking  unavoidably  re- 
quired a deviation  from  thofe  elegant  and  general 
principles,  which  are  obtained  by  drift  mathema- 
tical reafoning,  yet,  it  is  prefumed,  that  the 
ftudent  will  find  nothing  in  this  treatife  which 
he  will  be  under  the  neceffity  of  unlearning,  when 
he  attempts  the  perufal  of  thofe  books  to  which 
this  is  offered  as  an  introduction. 

The  attentive  examination  of  other  books^  to 
which  the  writer  of  this  performance  has  had  re- 
courfe,  has  fhev/n  him,  that  even  the  works  of 
thofe  great  men,  who  deferve  and  poiTefs  the 
highed  reputation,  are  not  free  from  errors  of  im- 
portance. The  prefent  occafion  does  not  require  the 
difagreeable  tafk  of  pointing  them  Gut;  but  this 
very  confideration  will  not  permit  him  to  hope  that 
his  diligence  has  entirely  excluded  miftakes.  How- 
ever, he  has  little  to  fear  on  that  account ; being 
fenfible  that  thofe  who  are  the  belt  able  to  difeo- 
ver  them,  will,  at  the  fame  time,  be  the  readied  to 
exercife  that  candor  which  every  writer  has  need  of. 

The  liberty  which  has  been  taken  in  altering  the 
words  of  other  authors,  and  adapting  them  to  the 
purpofe  of  this  work,  would  have  prevented  the 
uie  of  formal  quotations,  if  they  had  been  fuppofed 
neceffaryj  and,  as  the  prefent  intention  is  not  at 
all  hidorical,  the  names  of  authors  have  been 
avoided  as  much  as  was  confident  with  the  wifh  of 
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the  writer  to  evade  the  fufpicion  of  plagiarifm.  If 
plagiarifm  can  be  imputed  to  the  author  of  an  epi- 
tome of  fcience,  this  acknowledgement  muft  be 
allowed  to  obviate  the  charge. 

In  the  printing,  every  thing  which  could  be  ima- 
gined of  fervice  to  the  book,  as  a manual  of  phi- 
lofophy,  has  been  done.  A varying  title  at  the 
head  of  each  page,  and  copious  indexes,  are  an- 
nexed. From  thefe  the  reader  will  fee,  that  fcarce- 
ly  any  fact  of  importance  has  been  omitted. 

The  learner,  who  may  be  induced  to  fix  his 
chemical  reading  in  his  memory,  by  recurring  to 
experiment,  which  may  be  done  with  very  little 
expence,  is  cautioned  to  beware  of  the  danger  with 
which  it  is  fometimes  attended.  The  foiution, 
evaporation,  and  calcination  of  uninflammable  mat- 
ters may  be  performed  in  the  common  apartments 
of  a dwelling-houfe  j but  the  diftillation  of  corro- 
live  or  inflammable  fubftances  ought  not  to  be  at- 
tempted but  in  a place  prepared  for  the  purpofe. 
The  burfting  of  a retort,  containing  any  concen- 
trated fuming  acid,  muft  be  very  deftrudive  to 
furniture,  as  well  as  prejudicial  to  health;  and  ardent 
fpirits,  refins,  and  the  like,  would  endanger  the 
houfe  if  a fimilar  accident  were  to  happen.  It  is  im- 
poflible  to  give  advice  againfl  the  many  cafualties 
to  which  chemical  experiments  are  liable  j one  gene- 
ral ma:.im  is,  always  to  endeavor,  from  analogy,  to 
forefee  the  confequence,  or  probable  relult,  of  the 
intended  procefs,  and  when  that  cannot  be  done,  to 
oblerve  the  phenomena,  and  proceed  with  caution. 
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THE  Improvements  in  this  fecond  Edition 
are  very  confiderable ; as  well  in  confe- 
quence  of  the  rapid  progrefs  of  the  difcoverics 
made  by  philofophers  in  all  parts  of  the  civilized 
world,  as  of  the  careful  revifion  the  whole  work  has 
undergone.  The  additions  are  equivalent  to  a 
third  volume  i though,  by  an  alteration  of  the 
type  and  page,  this  edition  has  been  prevented 
from  exceeding  the  former  in  bulk  or  price.  Many 
additional  figures  have  been  inferted  in  the  plates, 
and  the  numbers  7 and  S are  entirely  new.  Mar- 
ginal references  are  likewife  annexed,  which,  it  is 
hoped,  will  be  found  eminently  ufeful.  In  theft: 
the  figures  denote  the  pages,  and  the  letters  the 
paragraphs  of  the  pages  where  the  proofs  or  illu- 
ftrations  referred  to  are  to  be  found  : and  in  the 
fecond  volume  the  numeral  letter  1.  is  prefixed, 
whenever  the  firft  volume  is  referred  to. 

London,  Nov.  1,  1786. 
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NATURAL  PHILOSOPHY, 


OF  THE  DEGREES  OR  KINDS  OF  KNOWLEDGE;  AND 
THE  RULES  OF  PHILOSOPHIZING. 

H E impreflions  made  on  the  organs  of  fenfe 


X by  external  objedts  produce  ideas  in  the  mind. 
We  are  continually  employed  in  amaffing  a flock  of 
general  truths  refpedting  them,  which  is  called 
knowledge. 

An  intelligent  being,  whofe  powers  are  lefs  than 
infinite,  mull  of  necefiity  be  unequal  to  the  per- 
formance of  many  things.  If  any  affertion  be  made 
refpedting  two  or  more  ideas,  it  will  imply  either 
truth  or  falfehood;  but  the  cafes  in  which  we  can 
with  certainty  difcover  the  one  or  the  other  are  very 
few,  in  companion  with  thofe  that  are- placed  be- 
yond our  power  of  invefligation.  Y et,  as  a decifion 
is  almofl  always  required  for  the  regulation  of  our 
condudt  in  the  affairs  of  life,  the  greater  part  of  our 
knowledge  becomes  founded  on  probability,  inflead 
of  eftablifhed  truth.  The  means  of  acquiring 
knowledge  may  therefore  be  faid  to  be  of  three 
Vol.  I.  B kinds. 
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kinds.  Certainties  are  obtained  either  by  intui- 
tion or  demonftration  j probabilities  are  obtained  by 
analogy. 

There  are  fome  ideas  whofe  mutual  relation  in 
certain  refpedts  is  fo  obvious,  that  nothing  more  is 
required  to  obtain  the  knowledge  of  it,  than  to  apply 
them  to  each  other.  For  example;  if  a given 
body  be  divided  into  parts,  and  the  mutual  rela- 
tion between  the  whole  body  and  one  of  its  parts, 
with  refpeft  to  magnitude,  be  demanded,  the  mind 
immediately  conceives,  with  die  cleared:  and  molt 
abfolute  certainty,  that  the  whole  body  is  greater 
than  its  paruf.  If  the  particular  body  or  magnitude 
in  contemplation  be  abftradted,  or  left  out,  the 
proportion  becomes  general  in  this  form,  viz.  every 
magnitude  is  greater  than  any  part  of  the  fame. 
This  kind  of  knowledge  is  called  intuitive,  and  die 
general  proportions  are  termed  Axioms. 

When  it  is  required  to  determine  die  mutual 
relation  of  two  ideas,  whofe  agreement  or  disagree- 
ment cannot  be  intuitively  perceived,  the  truth  may 
often  be  obtained  by  the  interposition  of  a chain  of 
axioms.  This  method  of  exhibiting  the  truth  is 
termed  demonftradon,  and  feems  to  be  applicable 
only  to  ideas  of  the  quantities  and  pofitions  of  mag- 
nitudes. For  this  reafon,.  it  will  be  difficult  to 
give  an  example  without  having  recourfe  to  the 
mathematics.  The  following  will,  however,  be 
eafily  underftood : 

Fig.  i.  Let  the  two  circles  in  die  figure  be 
fuppoled  equal,  and  die  circumference  of  each  to 
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pafs  through  die  center  of  the  other.  Imagine  the 
centers  to  be  joined  by  the  right  line  a b,  and 
the  lines  c a,  cb,  to  be  drawn  from  one  of  the 
points  where  the  circumferences  interfeft  each  other, 
to  the  centers  refpe&ively.  Then,  I fay,  the  lines 
a b,  bc,  ca,  will  be  equal  each  to  each. 

The  demonftration  is  as  follows: 

The  word  circle  hgnifies  a plane  figure,-  con- 
tained under  one  line,  called  the  circumference,  to 
which  all  right  lines  drawn  to  a certain  point  with- 
in the  figure,  called  the  center,  are  equal.  As 
foon  therefore  as  it  is  underftood  that  the  figure 
a c d is  a circle*  and  that  the  lines  ab,  c b,  are 
right  lines  drawn  from  its  center  to  its  circumfe- 
rence, it  is  acknowledged  intuitively,  and  without 
further  argument,  that  thofe  lines  are  equal. 

The  fame  reafon  in  the  circle  ecjs  evinces, 
that  the  lines  ab,  ac,  are  equal. 

The  lines  ac,  cb,  being  thus  proved  to  be 
each  equal  to  the  line  ab,  are  likewife  equal  to 
each  other.  For  it  is  an  intuitive  truth  or  axiom, 
that  things  equal  to  one  and  the  fame  thing  are 
equal  to  each  other. 

The  want  of  axioms,  and  the  labour  of  demon- 
ftration,  are  not  the  only  impediments  to  the  acqui- 
sition of  knowledge.  Since  knowledge  is  converfant 
with  ideas  only,  it  can  be  faid  to  poffefs  reality  with 
refpeft  to  external  objecfts,  fo  far  only  as  thofe  ideas 
may  be  taken  or  fubftituted  for  the  things  they 
reprefent;  and  it  is  impofhble  to  determine  how  far 
this  may  be  done  with  propriety,  even  if  it  can  be 
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done  at  all.  In  referring  from  ideas  to  things  we  are 
liable  to  error,  not  only  becaufe  the  compound  idea 
of  a being  confifts  of  an  affemblage  of  its  proper- 
ties, which  may  be  incomplete  and  inadequate,  but 
like  wile  becaufe  thole  ideas  may  even  be  quite 
different  from  any  thing  exifting  in  the  being 
itfelf,  as  may  be  inftanced  in  the  ideas  of  colour, 
found,  pain,  &c.  The  great  perfpicuity  and  cer- 
tainty of  mathematical  knowledge  ariles  from  the 
fimplicity  of  the  ideas  employed,  and  their  not 
depending  on  any  external  being  : for,  as  this  fci- 
ence  treats  only  of  ideas,  it  is  of  no  confequence 
to  its  truths,  whether  geometrical  figures  ever  had 
an  exiftencej  it  being  fufficient  that  their  exiftence 
is  poffible. 

The  greater  number  of  our  ideas  being  too  coiti- 
plex  and  imperfedb  to  admit  of  intuitive  conclu- 
fions  or  axioms,  it  is  evident,  that  in  general  we 
muff;  be  contented  with  lefs  proof  than  demonftra- 
tion.  Inftead  therefore  of  endeavouring  to  obtain 
axioms  by  comparing  ideas,  we  obierve  events,  and 
from  the  contemplation  of  what  lias  happened,  we 
form  a prefumption  of  what  will  again  come  to 
pafs.  Obfervation  has  fhew-n  us,  that  a certain 
.event  is  always  followed  by  another  determinate 
event;  we  fuppofe  a relation  to  fubfiff;  between  them; 
we  imagine  this  relation  to  be  neceffaryj  we  diftin- 
guiffi  the  prior  event  by  the  name  of  Caufe,  and  the 
latter  we  call  the  EffecT  This  kind  of  knowledge* 
which  is  not  founded  on  reafoning,  but  on  experi- 
ence alone,  may  be  termed  Analogical,  and  is  much 
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lefs  perfect  than  what  is  obtained  by- intuition  or 
demonftration.  That  a (lone  will  deicend  to  the 
earth,  is  an  analogical  propofition.  It  cannot  be 
demonftrated  : but,  from  the  confideration  of  a vaft 
number  of  events  of  the  fame  nature,  a degree  of 
probability  arifes,  which  commands  our  affent.  It 
is  clear,  that  analogical  propofitions  are  no  more 
than  ftrong  probabilities,  from  the  remarkable  cir- 
cumftance,  that  their  converfe  does  not  imply  an 
abfurdity.  To  deny  an  intuitive  or  demonftrative 
truth,  is  to  affert  an  impofiibility;  but  to  deny  an 
analogical  truth,  is  only  to  affert  an  improbability. 
The  underftanding  revolts  at  the  affirmation,  that  a 
part  is  greater  than  the  whole  body;  but  we  fee  no 
impoffibility  in  the  affertion,  thar  a Hone,  at  fome 
time  or  place,  has  remained  in  the  air  without  a ten- 
dency to  defcend ; this  fuppofition  being  highly  im- 
probable, but  nothing  more.  In  fa6t,  demonftration 
is  a collection  of  truths  or  axioms ; analogy  is  a col- 
lection of  probabilities.  Simple  probabilities  are  to 
analogy  what  axioms  are  to  demonftration.  Now, 
there  is  no  comparifon  in  point  of  certainty  between 
.axioms;  all  being  equally  true;  but  probabilities 
differ  exceedingly  in  their  degree  of  credibility. 

Natural  Philofophy,  ftriCtly  fpeaking,  admits  of 
no  other  proofs  than  thofe  of  analogy.  To  give 
liability  to  this  fcience,  it  is  neceffary  to  admit  no 
probabilities  as  firft  principles  of  analogy,  but  thofe 
which  poffefs  the  ftrongeft  and  moft  incontrovertible 
refemblance  to  truth.  For  this  purpofe,  the  fol- 
lowing rules  are  adopted : 
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Rules  of  Philofophizing. 

I. 

No  more  caufes  of  natural  things  ought  to  be 
admitted  than  are  true,  and  furncient  to  explain  the 

■t  * 

phenomena. 

II. 

And  therefore  effects  of  the  fame  kind  are  pro-* 
duced  by  the  fame  caufes. 

V,  ' • % • . * . * ’ . 

III. 

Thofe  qualities,  whofe  virtue  can  neither  be 
jncreafed  nor  diminifhed,  and  which  are  found  in 
all  bodies  with  which  experiments  can  be  made* 
ought  to  be  admitted  as  qualities  of  all  bodies  in 
general. 
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CHAP.  I, 

OF  MATTER  AND  ITS  PROPERTIES. 

MATTER  is  known  to  us  only  by  its  pro-  a 
perties. 

The  common  properties  of  matter  are  extenfion,  b 
impenetrability,  inertia,  attraction,*  motion,  and 
reft;  all  which,  except  the  two  laft,  which  cannot 
exift  together,  are  found  in  all  bodies  whatfoever. 

It  would  be,  perhaps,  a fruitlefs  attempt,  to 
enquire  whether  thefe  are  the  only  qualities  with 
which  bodies  are  endued  in  common.  Matter  may 
poflefs  many  others,  that  our  fenfes  are  not  adapted 
to  obferve,  or  which  have  hitherto  efcaped  the 
notice  of  Philofophers.  But  it  is  necelTary  to  c 
obferve,  that  we  are  totally  ignorant  of  the  fub- 
ftratum  in  which  thefe  properties  are  united.  The 
eftence  of  matter  is  unknown  to  us.  We  muft 
not,  therefore,  afliime  one  or  more  of  thefe  pro- 
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perties  as  • compofmg  that  eflence  jtfelf ; for  errors 
of  the  greatefl  importance  have  arifen  from  this 
fource. 

D There  are  other  properties,  fometimes  called 
fpecific,  that  are  not  found  in  all  bodiesj  as 
tranfparency,  opacity,  fluidity,  confluence,  and 
the  like.  But  thefe  feem  to  relate  to  the  figures 
or  motions  of  the  parts  of  bodies,  and  are,  there- 
fore, referable  to  the  general  properties.  There 
are  alfo  feveral  fpecies  of  attraction  and  repulfion, 
which  will  be  attended  to  in  their  proper  places. 

Here  follow  definitions  of  the  general  properties 
abovementioned. 

i Extenfion  is  that  affection  of  matter  by  jyhich  it 
occupies  part  of  fpace. 

f Impenetrability,  is  that  by  which  two  bodies 
cannot  exift  in  the  fame  place  at  the  fame  time. 

g Inertia,  is  that  by  which  a body  refills  any 
force  impelling  it  to  a change  of  Hate;  i.  e.  of 
motion  or  reft. 

H Attraction,  is  that  by  which  one  body  conti- 
nually tends  to  approach  to,  and,  if  not  by  external 
means  prevented,  does  approach  to,  another  body 
or  bodies. 

i Motion,  is  a continual  and  fucceflive  change 

. of  place.  Reft  is  the  permanency  or  remaining 
pf  a body  in  the  fame  place. 
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CHAP.  II 


OF  EXTENSION  AND  IMPENETRABILITY. 

HE  idea  of  extenfion  is  fo  fimple,  that  it  k 


X cannot  be  defined.  For  though  in  the  pre- 
ceding Chapter  it  was  pointed  out  as  that  afFedtion 
by  which  matter  occupies  part  of  fpace,  yet,  there 
can  be  little  doubt  but  that  the  idea  of  extenfion  is 
itfelf  antecedent  to  that  of  fpace,  and  therefore  not 
definable  by  it.  In  order  to  facilitate  the  confide- 
ration  of  thofe  truths  that  relate  to  extended  mag- 
nitudes, geometers  have,  as  it  were,  analyzed  exten- 
fion. It  is  evident  that  extenfion  implies  form  or  l 
figure,  and  figure  muft  be  limited.  The  limit  or 
termination  of  figure  is  called  a furface,  or  fuper- 
ficies.  A fuperficies  is  likewife  limited,  and  its 
termination  is  called  a line.  And  the  termination 
of  a line  is  called  a point.  Now,  though  it  is  clear,  m 
that  a fuperficies,  a line,  or  a point,  cannot  exift 
feparate  or  apart  from  an  extended  being,  yet,  it 
is  certain,  that  the  ideas  of  them  may  be  confi- 
dered  diftinftly, without  immediately  referring  to  the 
other  confequences  arifing  from  the  general  idea  of 
extenfion.  In  this  fenfe  mathematicians  define  a n 
point  to  be  that  which  has  no  part,  or  is  altoge- 
ther indivifible ; a line  to  be  that  which  is  length, 
without  breadth,  or  is  divifible  in  one  refpeft, 
namely,  of  length  ; a furface  to  be  that  which  has 

only  length  and  breath,  or  is  divifible  in  two  re- 

**  • 

fpefts,  namely,  of  length  and  breadth  5 and  a folid 
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to  be  that  which  has  length,  breadth,  and  thick- 
ness, or  is  diyifible  in  three  refpe&s,  namely,  of 
length,  breadth,  and  thicknefs. 

No  finite  or  imaginable  divifion  of  a line  can 
ever  produce  a point  or  indivifible  part.  A line  is 
therefore  divisible  into  an  infinite  number  of  other 
lines,  or  Similar  parts,  and  consequently  much  more 
is  a Superficies,  and  yet  more  a Solid.  A mathematical 
Solid,  that  is  to  fay,  pure  extenfion,  is  divifible  to  in- 
finity : and  if  the  elements  of  matter  be  of  the  fame 
nature  as  the  aggregates  they  compofc,  matter  is 
likewife  infinitely  divifible.  This  being  SuppoSed, 
the  following  theorems  will  be  eafily  undcrftood. 

Theorem  I. 

Any  quantity  of  matter,  how  Small  ioever,  and 
any  finite  Space,  how  great  Soever,  being  given 
(as  for  example,  a cube  circumfcribed  about  the 
orb  of  Saturn)  it  is  poffible  for  the  Small  quantity 
of  matter  to  be  diftufed  throughout  all  that  Space, 
and  to  fill  it,  So  that  there  fhall  be  no  pore  or 
interface  in  it,  whoSe  diameter  fhall  exceed  a given 
finite  line. 

Let  die  cube  in  queftion  be  divided  into  Small 
cubes,  whofe  Sides  fhall  each  be  equal  to  half  the 
given  line.  It  is  eafily  Seen,  that  the  number  of 
Small  cubes  will  not  be  infinite.  Imagine  the 
quantity  of  matter  to  be  divided  into  a number  of 
parts  equal  to  that  of  the  Small  cubes,  and  place 
a particle  in  the  center  of  each  cube.  The  whole 
Space  will  thus  be  filled,  and  the  greatefl  diflance 
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between  two  adjacent  particles,  or,  in  other  words, 
the  diameter  of  any  pore  or  interface,  will  be  left 
than  the  given  line. 

Corollary. 

Hence  there  may  be  given  a body,  whole  matter, 
if  it  be  reduced  into  a fpace  abfolutely  full ; that  fpace 
may  be  any  given  part  of  its  former  magnitude. 

Theorem  II.  q 

There  may  be  two  bodies  of  equal  bulk,  whofe 
quantities  of  matter  being  unequal  in  any  propor- 
tion ; yet  the  fum  of  their  pores,  or  quantity  of  void 
fpace  in  each  of  the  two  bodies,  fhall  be  nearly  in 
the  ratio  of  equality  to  each  other. 

This  laft  theorem  is  not  fo  obvious  as  the  for- 
mer, but  an  inftance  will  render  it  eafy. 

Suppofe  one  thoufand  cubic  inches  of  gold  to  con- 
tain one  cubic  inch  of  matter,  or,  in  other  words, 
when  reduced  into  a fpace  abfolutely  full,  to  be  equal 

to  one  cubic  inch  : then  one  thoufand  cubic  inches 

\ > • 

of  * water  will  contain  one  nineteenth  part  of  an  inch 
of  matter  when  reduced.  Confequently,  the  void 
fpaces  in  the  gold  will  be  nine  hundred  and  ninety- 
nine  cubic  inches,  and  thofe  in  the  water  nine  hun- 
dred and  ninety-nine  cubic  inches,  and  eighteen 
nineteenth  parts  of  an  inch ; that  is,  they  will  be 
pearly  in  the  ratio  of  equality. 

Yet,  the  aftual  divifibility  of  matter  can  pro-  r 
bably  be  carried  but  to  a certain  degree.  The  ulti- 
mate particles  of  bodies,  it  is  moft  likely,  are  not 
to  be  altered  by  any  force  in  nature.  But  there 

* Gold  is  nineteen  times  as  heavy  as  water. 
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are,  neverthelefs,  many  inftances  which  (hew  to 
■what  inconceivably  minute  parts  bodies  may  be 
attually  divided. 

s A grain  of  leaf-gold  will  cover  fifty  fquare 
inches,  and  contains  two  millions  of  vifible  parts; 
but  the  gold  which  covers  the  filver  wire,  ufed  in 
making  gold  lace,  is  fpread  over  a furface  twelve 

times  as  great. 

T In  making  this  wire,  it  is  ufual  to  gild  a cylin- 
drical bar  of  filver  ftrongly,  and  afterwards  draw  it 
into  wire  by  palling  it  fucceffively  through  holes 
of  various  magnitudes  in  plates  of  fleel.  By  this 
means  the  furface  is  prodigioufly  augmented  ; not- 
withftanding  which,  it  ftill  remains  gilt,  fo  as  to 
preferve  an  uniform  appearance  even  when  exa- 
mined with  the  microfcope.  The  quantities  of  gold 
and  filver,  and  the  dimenfions  of  the  wire,  are 
known.  With  thefe  data  it  is  eafy  to  calculate,  and 
from  calculation  it  is  proved,  that  fixteen  ounces 
of  gold,  which,  if  in  the  form  of  a cube,  would 
not  meafure  one  inch  and  a quarter  in  its  fide,  will 
completely  gild  a quantity  of  filver-wire  fufficient 
to  circumfcribe  the  whole  globe  of  the  earth. 

u The  animalcule  obferved  in  the  milt  of  a cod- 
fifh  are  fo  fmall,  that  many  thoufands  of  them 
might  Hand  on  the  point  of  a needle.  • 

Suppofing  the  globules  of  the  blood  in  thefe 
animalcule  to  be  in  the  fame  proportion  to  their 
bulk  as  the  globules  of  a man’s  blood  bear  to  his 
body,  it  appears,  that  the  fmalleft  vifible  giain  of 

fand  would  contain  more  of  thefe  globules  than 
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10,256  of  the  largeft  mountains  in  the  world  would 
contain  grains  of  fand. 

Thefe  inftances  may  ferve  to  fhew  the  amazing  v 
finenefs  of  the  parts  of  bodies,  which  are  neverthelefs 
Hill  compounded.  Gold,  when  reduced  to  the  thin- 
neft  leaf,  (till  retains  thofe  properties  which  arile 
from  the  modification  of  its  parts.  Microfcopic 
animalculse  are  without  doubt  organized  bodies,  and 
the  globules  of  their  blood  are  pofielfed  of  fpecific 
qualities.  Even  the  rays  of  light  are  compounded 
of  an  almoft  infinite  variety  of  particles,  which,  when 
feparated  from  each  other,  exhibit  the  powers  of 
exciting  ideas  of  colours.  None  of  thefe  are  the 
ultimate  particles  of  which  all  bodies  are  formed,  for 
they  all  bear  evident  marks  of  compofition*  How 
inconceivably  fmall  then  muft  thofe  particles  be ! 

To  thefe  ultimate  particles  alone  it  is,  that  im-  w 
penetrability  can  be  attributed.  Penetration  takes 
place  in  all  compounded  bodies.  Water  exifts  in 
the  pores  of  wood.  Air  in  the  pores  of  water. 
Quickiilver  in  the  pores  of  gold,  &c.  &c. 

Some  philofophers  have  queftioned  whether  im-  x 
penetrability  be  really  a property  of  matter  j and  it 
muft  be  confeflfed,  that,  notwithftanding  this  idea 
is  fo  clofely  connected  in  the  formation  of  our  com- 
pound idea  of  matter,  yet,  if  we  examine  from 
whence  the  notion  is  originally  obtained,  we  fhall 
find  that  our  knowledge  is  much  lefs  certain  than 
we  may  have  fufpedted. 

To  make  this  clearer,  we  muft  confider  that  our  y 
notion  of  impenetrability  is  derived  from  the  fenfe 

of 
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of  feeling.  We  move  the  hand  towards  a body., 
and  in  fituations  where  motion  is  not  generated,  it  is 
prevented  by  that  body  from  going  forward  ; from 
which  we  conclude,  that  the  body  poffelfes  a part 
of  fpace  to  the  exclufion  of  every  other  body ; that 
is  to  fay,  that  it  is  impenetrable. 

But,  in  order  to  juftify  this  cohclufion,  it  is 
necelfary  that  we  fhould  be  certain  that  it  is  the 
body  itfelf,  adually  occupying  fpace,  which  refills 
the  preffure ; and  of  this  we  cannot  be  affured, 
fince  we  obferve  many  inllances  in  which  bodies 
afford  refillance  to  other  bodies  which  move  in 
fpaces  at  fome  dillance  from  the  refilling  body. 
Thus,  the  loadftone,  in  certain  circumltances,  refills 
the  motion  of  iron  which  approaches  towards  it; 
and  there  is  no  doubt  but  this  refillance  or  repul- 
fion,  if  exerted  on  any  part  of  a man,  would  afford  x 
a fenfation  limilar  to  that  which  arifes  from  con- 
tad.  If  the  man  had  not  fight,  or  fome  other  fenfe 
to  perceive  that  the  refilling  body  was  really  diftant, 
he  would,  from  the  fenfe  of  touch,  conclude  that 
the  body  was  in  contad  with  the  part  perceiving; 
and,  if  any  force  he  could  produce  were  infufficient 
to  overcome  that  refillance,  he  would  conclude  the 
body  to  be  impenetrable. 

Now,  by  feveral  experiments,  which  we  lhall 
have  occafion  to  mention  in  tiie  courfe  of  this 
work,  there  is  the  highell  reafon  to  conclude,  that 
all  bodies  exert  a repulfive  force  on  each  other, 
and  that  the  common  efreds  which  are  attributed 
to  contad  and  collifion  are  produced  by  this  repul- 

fion: 
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fion:  And,  if  fo,  why  not  attribute  all  effedts  of 
the  fame  nature  to  this  caufe,  which  we  know  exifts, 
inftead  of  luppofing  an  impenetrability  that  can 
never  be  proved  ? 

If  the  force  of  repulfion  be  fufficiently  great,  it  e 
may  not  be  in  the  power  of  any  natural  agent  to 
overcome  it,  and,  confequently,  all  the  effe&s  of 
a real  impenetrability  will  take  place,  though  the 
fubftratum  or  matter  itfelf  may  not  be  impenetrable, 
or  even  extended. 

It  is  not  in  our  power  to  determine,  whether  c 
impenetrability  or  extenfion  be  efientialjy  ne- 
cefiary  to  exiftence.  For  the  extenfion  of  die 
elements  of  matter  feems  capable  of  no  other  proof 
than  what  may  be  drawm  from  their  impenetrability; 
and  experiment  cannot  decide,  becaufe  a finite 
prefiure  can  only  prove  the  readlion  of  a finite  refin- 
ance. 

The  queftion  therefore  is,  whether  it  be  more  d 
probable,  that  the  particles  of  matter  are  beings 
pofiefled  of  a finite  power  of  repulfion,  which  pre- 
vents their  mutual  approach,  but  does  not  render 
mutual  penetration  or  coincidence  in  the  fame  part 
of  fpace  impofiible,  on  the  application  of  force 
fufficient  to  overcome  that  repulfion;  or  whether 
they  be  impenetrable  atoms,  which,  confequently, 
muft  refill  fuch  Coincidence  widi  an  infinite  force? 

Here  we  muft  attend  to  the  faefts.  If  the  repul-  e 
fion  continually  increafed  as  the  diftance  of  the 
bodies  decreafed,  we  might  conclude,  that  it  was 
the  only  caufe  of  the  apparent  impenetrability  of 

bodies ; 
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bodies  ; but,  as  in  the  loadftoney  there  is  a certain 
fmall  diftance  at  which  repulfion  ceafes,  and  attrac- 
tion takes  place,  fo  in  comprefling  bodies  together, 
with  a certain  degree  of  preflure,  the  diftance  is 
at  length  diminifhed  fufficiently  for  the  bodies  to 
adhere.  The  phenomena  are  probably  fimilar; 
but,  at  all  events,  the  cohefion  of  the  parts  of 
bodies  (hews  a mutual  attraction  ; and  it  is  not  eafy 
to  explain  why  the  parts  fhould  not  mutually  pene- 
trate and  coincide,  when  the  repulfion  on  which 
their  impenetrability  was  fuppofed  to  depend  has 
cealed,  and  given  place  to  attraction.  And  on 
this  account,  the  doCtrine  of  impenetrable  atoms 
feems  the  moft  probable. 

This,  however,  fuppofes  the  impenetrable  par- 
ticles to  come  into  contaCt,  where  attraction  lias 
taken  place.  But  it  is  certain  they  do  not.  For 
things  in  abfolute  contaCt  cannot  come  nearer 
without  penetration,  and  cold  is  known  to  diminifh 
the  bulk  of  bodies;  or,  in  other  words,  to  bring 
their  parts  nearer  each  other  than  before.  This  con- 
traction is  greater,  the  greater  the  cold.  Without 
enquiring  into  the  nature  of  cold,  we  may  therefore 
prefume  that  the  utmoft  poftible  cold  would  either 
bring  the  impenetrable  particles  into  abfolute  con- 
tact, or  caufe  the  body  to  vanilh  by  the  mutual 
penetration  of  all  its  elements.  Thus,  the  original 
queftion  returns  to  us,  and  the  only  remaining  argu- 
ment feems  to  be If  by  the  firft  rule  of  philofo- 

phizing  ( 6 ) we  are  to  admit  no  more  caufes  of 
natural  things  than  are  fufficient  to  explain  the 
2 phenomena 
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phenomena,  and  we  know  that  a fphere  of  repul- 
fion  exifts  as  the  proximate  caufe  of  our  ideas  of 
impenetrability  and  extenfion,  why  fliould  we  add 
to  this  an  extended  atom  exifting  in  the  center  of 
the  fphere  of  repulfion  ? 

The  quantity  of  matter  in  the  univerfe  is  much  c 
lefs  than  is  generally  imagined.  This  may  be 
deduced  from  what  has  been  laid  already  on  this 
fubjecft  ; but  more  efpecialiy  from  the  properties  of 
tranfparent  bodies.  Light  pafles  through  thefe  in 
all  directions  without  the  leaft  difficulty.  The  focus 
of  a burning  mirror,  which  augments  the  denfity  of 
the  fun’s  rays  upwards  of  three  thoufand  times, 
may  be  received  in  the  bodies  of  glafs  or  water* 
without  producing  any  efFeCtj  fo  far  are  the  par- 
ticles of  thofe  fubftances  from  impeding  the  paflage 
of  light.  And  the  bottom  of  the  fea  has  been  difco- 
vered  at  a greater  depth  than  fixty  feet.  It  is  not 
improbable  that  the  real  matter  in  a fmall  piece  of 
glafs  may  bear  a lefs  proportion  to  its  bulk  than 
that  bulk  does  to  the  whole  earth.  Whence  the 
eleCbric  matter  palfes  with  an  unmeafurable  veloci- 
ty through  the  pores  of  gold  and  other  bodies,  and 
the  magnetic  power  exerts  itfelf  undiminifhed 
, through  all  fubftances,  iron  excepted. 

To  render  the  poftibility  of  this  more  evident  k 
let  a body  be  fuppofed  to  be  fo  conftru&ed,  as  to 
have  as  much  vacuity  as  matter;  then  half  the  body 
would  be  vacuous.  Suppofe  the  particles  or  which 
it  is  compofed  to  be  conftruCted  in  the  fame  man- 
Vol.  I.  C ner; 
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ner ; then  the  vacuity  becomes  three-fourths  of  the 
fpace  occupied  by  the  body.  Again,  let  thefe  laft 
mentioned  particles  be  conftrudted  in  the  fame  man- 
ner; the  vacuity  will  then  be  feven-eighdis.  And 
the  feries  being  carried  forward  to  the  tenth  order 
of  particles,  the  vacuity  will  exceed  the  matter  one 
thoufand  and  twenty-three  times. 


CHAP.  III. 

OF  THE  INERTIA,  AND  MOTION  OR  REST^ 

IT  is  chiefly  from  the  inertia  that  we  obtain  a 
knowledge  of  the  relative  quantities  o t matter 
in  bodies.  The  quantities  of  matter  in  bodies 
abfolutely  fimilar  in  compofition,  are  determined 
by  their  extenfion;  but  in  diflimilar  bodies  the 
ratio  does  not  hold.  Now,  in  bodies  fimilar  in 
compofition,  we  obferve  that  the  inertia  follows 
the  proportion  of  the  extenfion,  that  is,  by  reafon 
of  the  fimilarity,  the  proportion  of  the  mafs  or 
matter;  and  from  thence,  by  applying  the  propor- 
tion of  the  inertia  to  diflimilar  bodies,  we  obtain  a 
knowledge  of  their  maffes.  Thus,  for  example, 
the  quantity  of  matter  in  one  cubic  inch  of  gold  is 
as  i,  in  two  cubic  inches  as  2,  in  three  cubic 
inches  as  3,  and  fo  forth:  this  we  gather  from  the 
extenfion,  and  alfo  from  the  inertia,  both  which,  in 
this  cafe,  follow  the  fame  proportion.  But  if  a 
cubic  inch  of  copper  be  added,  though  the  exten- 
fion be  augmented  as  1,  yet  the  ineitia  increafes 
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only  as  { ; therefore,  either  the  extenfion  or  the 
inertia  is  not  the  proper  meafure  of  the  mafs5 
and,  as  we  can  more  readily  conceive  that  the 
extenfion,  or  fpace  occupied  within  the  external 
limits  of  the  body,  may,  by  porofity  in  the  body, 
ceafe  to  be  the  meafure,  than  that  the  inertia  of  the 
ultimate  parts  of  matter  fliould  vary  ; we  conclude, 
that  the  quantity  of  matter  is  as  the  quantity  of  the 
inertia]  though  it  muft  be  allowed  that  neither 
pofition  is  phyfically  demonftrable. 

The  inertia  of  matter  being  that  by  which  it  k 
refills  any  change  of  Hate  with  regard  to  motion  or 
reft,  is  meafured  by  the  force  which  is  required  to 
produce  a given  change ; that  is  to  fay,  the  force 
required  to  give  a certain  degree  of  velocity  to  a 
body  at  reft  a,  containing  ten  parts  of  matter,  is 
five  times  as  great  as  would  produce  the  fame  effe<ft 
on  a body  at  reft  b,  containing  two  parts. 

This  force  in  a moving  body  is  called  the  quan-  l 
tity  of  motion,  or  momentum,  and  is  meafured  by 
the  mafs  of  matter  multiplied  by  the  velocity;  for 
the  whole  motion  of  a body  is  the  fum  of  the  mo- 
tions of  all  its  parts.  Therefore,  in  the  laft  men- 
tioned inftance,  the  body  a moves  with  five  times 
the  force  that  b moves  with,  though  the  velocity  is 
the  fame  in  both.  But  if  the  velocity  of  b were  to 
be  augmented  five  times,  the  quantities  of  motion 
would  then  be  equal ; that  of  a being  exprefied  by 
10,  multiplied  by  1,  and  that  of  b being  exprefied 
by  2,  multiplied  by  5, 
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Motion  and  reft  are  diftinguifhed  into  abfolute 

M and  relative.  Abfolute  motion  is  the  removal  of  a 

n body  from  one  part  of  fpace  to  another.  Relative 
motion  is  a fucceffive  change  of  fituation  with 
refpedt  to  another  body,  though  that  body  may  not 
be  at  reft.  Thus,  a man  fitting  in  a barge  in 
motion,  is  relatively  at  reft,  that  is,  with  relpecfc 
to  the  parts  of  the  barge : but  abfolutely  in  mo- 
tion s being  removed,  with  the  veil  el,  from  one 
part  of  fpace  to  another.  On  the  contrary,  the 
bargeman,  who  fixes  a ftaff  in  the  ground,  and 
gives  motion  to  the  barge  by  walking  along  its 
gunwale,  is  abfolutely  at  reft,  for  the  ftaff  againft 
which  he  leans  is  fixed ; but  relatively  in  motion, 
fince,  with  refpedt  to  the  veffel,  he  walks  from 
one  end  to  the  other.  But  if  the  earth  be  fup- 
pofed  in  motion,  the  abfolute  motion  of  the  barge 
and  its  contents  will  be  compounded  of  its  relative 
motion,  together  with  the  abfolute  motion  of  the 
earth. 

o There  is  another  diftindtion  in  motion,  by  which 
it  is  called  apparent  or  angular,  and  which  depends 
on  an  optical  fallacy.  Thus,  to  an  eye  at  e,  (fig. 
2.)  a body  which  moves  from  c to  d,  or  from  f 
to  g,  will  apparently  defcribe  the  line  a b,  though 
the  real  motions  are  very  different.  And  if  a body 
.move,  either  diredtly  towards,  or  directly  from  the 
eye,  it  will  be  apparently  at  reft.  It  is  true,  that, 
from  other  circumftances,  we  have  acquired  the 
habit  of  diftinguifhing  different  motions  which  are 
made  obliquely  to  the  eve;  but  where  thofe  cir- 
' cumftances 


LAWS  OF  MOTION. 


21 


tumftances  are  wanting,  as  in  the  heavens,  it 
requires  no  fmall  degree  of  attention  to  diftinguifti 
the  real  from  the  apparent  motion. 

Experience  proves,  that  the  three  following  laws 
are  fufficient  to  account  for  all  the  phenomena  of 
.motion. 

Law  I. 

Ever)7  body  continues  in  its  ftate  of  reft,  or  of  p 
uniform  motion  in  a right  line,  unlefs  compelled  to 
change  that  ftate  by  forces  impreffed. 

For  matter  at  reft,  being  endued  with  no  power  of 
moving  itfelf,  would  remain  fo  for  ever,  unlefs 
impelled  by  fome  external  caufe.  « 

We  have  alfo  daily  proofs,  that  a body  in  mo- 
tion will  continue  to  move  uniformly  in  a right  line, 
unlefs  prevented  or  diverted  by  fome  other  agent. 
The  refiftance  of  the  air,  and  the  force  of  gravity, 
in  a fhort  time  deftroy  the  motion  of  all  projeftiles, 
which  otherwife,  by  the  vis  inertia?,  would  continue 
for  ever. 

Law  II. 

All  change  of  motion  is  in  proportion  to  the 
force  impreffed,  and  is  made  in  the  line  of  direction 
in  which  that  force  is  impreffed. 

For  if  any  force  produces  motion,  a double  force 
will  produce  a double  quantity,  and  a triple  force  a 
triple  quantity,  whether  it  be  impreffed  all  at  once, 
or  by  fucceffive  impulfes.  And  this  motion,  fince 
it  always  has  the  fame  dire&ion  as  the  generating 
force,  if  the  body  be  already  in  motion,  either  in- 
creafes  the  fame,  by  confpiring  therewith,  or  dimi- 
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nifhes  it  by  oppofition,  or  is  added  to  it  obliquely, 
being  compounded  with  it  according  to  the  directions 
of  the  two  motions. 

Law  III, 

r ACtion  and  reaction  are  always  equal  and  con- 
trary ; or,  the  mutual  aCtions  of  two  bodies  are 
always  equal,  and  in  contrary  directions. 

Thus,  if  a ftone  be  prelfed  by  the  finger,  the  finger 
is  equally  preffed  by  the  ftone.  If  a horfe  draws 
a ftone,  the.  ftone  draws  the  horfe  equally  back- 
wards, for  the  rope  is  equally  ftretched  towards 
both.  If  one  body  impels  another,  it  will  itfelf 
fuffer  an  equal  change  of  motion  by  the  reaction 
in  a contrary  direction.  If  the  loadftone  attraCt 
iron,  it  is  itfelf  equally  attracted,  and  both  are  at 
reft,  when  they  come  together,  which  could  not 
be  if  they  did  not  prefs  equally.  By  this  means  the 
changes  of  motion,  though  not  of  velocity,  are 
always  equal. 

To  illuftrate  this  yet  more.  Suppofe  a horfe 
proceeds  with  a quantity  of  motion  expreffed  by 
the  number  3,  and  that  it  would  require  a force 
equal  to  2 to  move  a certain  ftone.  The  horfe 
then  drawing,  proceeds  with  a force  equal  to  1, 
the  reaction  of  the  ftone  deftroying  as  much  force 
as  the  aCtion  communicates  to  it. 

From  thefe  laws  the  following  corollaries  are 
eafily  deduced,  which  may  be  applied  to  folve  all 
the  effeCts  which  can  be  produced  by  the  mecha^ 
nical  powers. 
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Corollary  I. 

A body  impelled  by  two  forces  ading  in  the  s 
direction  of  the  two  fides  of  a parallelogram  will 
defcribe  the  diagonal  in  the  fame  time  as,  by  the 
aftion  of  one  of  the  forces,  it  would  have  deicribed 
one  of  the  fides. 

A body  at  a (fig.  3.)  would  be  carried  with  an 
uniform  motion  in  a given  time  to  B,  by  the  fingle 
force  m imprefied  at  a 5 and  by  the  fingle  force 
n,  imprefied  at  the  fame  place,  would  be  carried 
from  a to  c : complete  the  parallelogram  abdc, 
and  by  the  combined  forces,  it  will  be  carried  in  the 
fame  time  in  the  diagonal  from  a to  d.  For  fince 
the  force  n ads  according  to  the  diredion  of  the 
line  a c,  which  is  parallel  to  b d ; it  will,  by 
Law  II.  in  no  refped  alter  the  velocity  of  approach- 
ing to  b d,  which  was  produced  by  the  other  force. 
Therefore,  the  body  will  in  the  fame  time  arrive  at 
the  line  b d,  whether  the  force  n be  imprefied  or 
not  5 and  at  the  end  of  the  time  will  be  found 
fornewhere  in  the  faid  line  b d.  By  the  lame  mam 
ner  of  arguing,  it  will  at  the  end  of  the  time  be 
found  fornewhere  in  the  line  c d,  which  mull  of 
confequence  be  in  that  place  where  they  interleft 
each  other.  Its  motion  will  be  in  a right  line  by 
Law  I. 

Corollary  II. 

Hence  alfo  appears  the  compofition  of  a dired  t 
force  a d,  (fig*  3*)  from  any  two  oblique  forces  a b 
and  e d,  and  on  the  contrary,  the  refolution  of  a 
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direct  force  into  any  two  oblique  forces,  ab  and 

E D. 

The  laws  of  motion  being  obvious  deductions 
from  the  phenomena  around  us,  are  confirmed  by 
every  mechanical  effect  we  fee  produced.  In  the 
confederation  of  forces,  it  is  very  often  convenient 
to  regard  them  as  if  compounded  of  two  or  more 
forces,  as  will  be  fhewn  in  the  enfuing  leCtion  of 
this  Book.  It  is  clear,  that  any  given  motion  or 
force  ad  maybe  produced  by  any  pair  out,  of  an 
indefinite  number  of  pairs  of  forces  that  maybe  com- 
pounded together;  for  example,  ac  and  ab,  or  af 
and  ae,  or,  generally,  by  any  two  forces,  whole 
quantity  and  direction  may  conftitute  a parallelo- 
gram, having  a d for  its  diagonal.  In  this  parallelo- 
gram are-  fix  things,  namely,  the  directions  of  the 
two  compounding  forces,  and  of  the  compounded 
force,  and  alfo  their  refpeCtive  quantities.  And  if 
any  four  of  thefe  be  known,  the  other  two  may  eafily 
be  found,  by  completing  the  conftruCtion  of  the 
figure. 

Corollary  III. 

The  quantity  of  motion  which  is  obtained  by 
taking  the  fum  of  the  motions  made  in  the  fame 
direction,  or  the  difference  of  thofe  made  in  con- 
trary directions,  is  not  changed  by  the  mutual 
aCtion  of  the  bodies. 

For  aCtion  and  reaction  being  equal,  by  Law  III, 
(22,  r)  will  therefore  occafion  equal  changes  in 
the  motions,  but  in  contrary  directions.  Confe- 
quently,  if  the  motions  are  both  made  in  the  fame 
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di  reft  ion,  whatever  is  added  to  the  motion  of  the 
impelled  body  mull  be  fubtrafted  from  that  of  the 
impelling  body,  and  the  fum  will  remain  the  fame. 
But  if  the  bodies  meet  direftly,  the  quantity  of  mo- 
tion deftroyed  being  equal  in  each,  the  difference 
of  the  motions  made  in  contrary  direftions  will 
remain  unchanged. 

CHAP.  IV. 

OF  ATTRACTION,  CONSIDERED  CHIEFLY  AS  A 
POWER  THAT  GENERATES  MOTION. 

THE  force  which  tends  to  bring  bodies  to-  v 
gether,  without  any  hitherto  difcoverable  im- 
pulfe,  is  called  attraftion.  Whether  the  various 
kinds  of  attraftion  that  fall  under  our  obfervation 
may  be  referable  to  one  common  immediate  caufe, 
•cannot  yet  be  determined.  The  third  rule  of  phi-  w 
lofophizing  (6)  authorizes  us  to  reckon  it  among 
the  properties  of  matter ; and  whether  we  fhall  ever 
proceed  fo  far  as  to  difcover,  that  it  is  fecondaiy 
to  fome  other  more  remote  property,  mult  depend 
on  future  refearches.  It  feems  clear,  however,  x 
that  it  is  not  deducible  from  any  of  the  properties 
we  have  enumerated,  (7,  b)  and  consequently  that 
all  fuppofttions  refpefting  the  circulation  of  efflu- 
via, are  mere  words  without  meaning. 

The  Several  kinds  of  attraftion  are,  the  attraftion  y 
of  gravitation,  or  gravity ; the  attraftion  of  cohe- 
hon ; the  attraftion  of  combination,  or  chemical  affi- 
nity i the  attraftion  of  magnetifm,  and  the  attraftion 

of 


i6 


GRAVITATION-. 


of  electrized  bodies.  In  this  piace  we  are  to  confi- 
der  only  the  attraction  of  gravitation  as  a power 
that  generates  or  produces  motion, 
z Gravitation  is  that  force  bv  which  bodies  fall  to 

J 

each  other.  The  vicinity  cf  the  earth,  which  ftrongly 
attracts  every  tiling  to  itfelf,  prevents  its  effects  be- 
tween fmaller  bodies  from  appearing;  but  the 
attraction  of  the  mountain  of  Schehallien  in  Scot- 
land, upon  the  ball  of  a pendulum  was  found  by  a 
very  accurate  fet  of  obfervations  to  be  confiderabie. 
a This  power  is  found  to  aft  on  all  bodies,  at  any 
given  place,  precifely  according  to  the  quantity  of 
matter  in  each,  which  is  difeovered  by  the  vibra- 
tion of  pendulums,  thus.  Let  the  two  unequal 
bodies  a and  e (fig.  4.)  be  fufpended  by  threads 
of  the  fame  length,  and  be  let  fall  at  the  fame  time 
from  the  points  a and  e,  in  the  arcs  ac  and 
e g,  which  are  at  equal  diftances  from  the  two 
lowed;  points  d and  h.  Then  the  vibrations  of 
each  will  be  performed  in  equal  times,  and  confe- 
quently  die  velocities  will  be  equal.  Whence  the 
quantity  of  motion  in  each,  being  the  produft  of  its 
mafs  of  matter  multiplied  by  its  velocity  (19,  l) 
will  be  in  proportion  to  the  mafs  of  matter  in  each. 
But  (21,  <i_)  the  force  producing  motion  is  in  pro- 
portion to  the  quantity  of  motion  produced.  There- 
fore, the  force  of  attraction  is  in  proportion  to  the 
quantities  of  matter  in  bodies. 
b This  likewife  appears  in  falling  bodies,  all  which 
being  let  go  from  equal  heights,  how  different  fo- 
ever  in  weight,  arrive  at  the  ground  in  the  fame 

time. 


ACCELERATION. 


27 

time,  that  is,  with  quantities  of  motion  in  propor- 
tion to  their  refpecftive  quantities  of  matter. 

The  reftftance  of  the  air  is  not  here  confidered, 
for  the  fake  of  perfpicuity,  though  it  very  fenfibiy 
impedes  aii  motions  performed  in  it.  A guinea  will 
arrive  at  the  ground  in  lefs  time  than  a feather;  but 
in  the  receiver  of  an  air-pump,  out  of  which  the  air 
is  exhaufted,  they  both  fall  in  the  fame  time. 

Gravitation  afts  on  all  bodies  at  all  times,  and  c 
that  equally,  whether  in  motion  or  at  reft,  as  is  evi- 
dent from  the  velocities  of  falling  bodies,  which  are 
uniformly  accelerated  during  the  whole  of  their 
courfe.  That  a force  conftantly  and  equally  adting,  d 
will  produce  an  uniform  acceleration  of  velocity,  is 
plain,  from  the  following  confiderations.  Suppofe 
a body  a,  begins  to  move,  by  the  impulfe  of  gra-. 
vityimprefled  at  that  inftant,  with  a velocity  expreft 
fed  by  the  number  1,  the  next  inftant  another 
impulfe  will  generate  a velocity  equal  to  the  former. 

It  will  therefore  move  with  the  velocity  2,  and  at  the 
third  inftant  with  the  velocity  3,  &c.  for  the  preced- 
ing velocities  are^  not  in  any  refpedt  diminifhed  or 
altered  by  the  fticceeding  impulfes  (21,  qJ,  If  then 
the  impulfes  are  equal,  and  equidiftant  in  time,  the 
generated  motion  will  be  imiformlyaccelerated;  and 
the  velocity,  which  in  this  cafe  may  be  confidered 
as  the  motion,  for  the  mats  of  matter  does  not  alter, 
will  be  in  proportion  to  the  time;  that  is,  if  the  velo- 
city in  5 inftants  be  exprefled  by  5,  that  produced 
in  10  inftants  will  be  10,  &c.  This  holds  good, 
let  the  number  of  impufes  in  a given  tirne  be  ever  fo 
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great.  But  the  number  muft  here  be  confidered  35 
infinite,  for  the  force  ceafes  not  to  aft  for  the  lead 
portion  of  time,  and  therefore  the  acceleration  con- 
tinues uniformly  through  every  part  of  the  motion. 

The  fpace  defcribed  by  an  uniformly  accelerated 
motion  in  a given  time,  may  be  conceived  to  be  the 
fum  of  an  infinite  number  of  fpaces  produced  by  a 
like  number  . of  uniformly  increafing  velocities. 
Thefe  fpaces  will  be  as  the  velocities  by  which  they 
are  defcribed.  Therefore,  as  the  fum  of  the  num- 
bers exprefiing  the  velocities  in  any  given  time  is  to 
the  fum  of  the  numbers  exprefiing  the  velocities  in 
any  other  given  time,  fo  is  the  fum  of  the  fpaces,  or 
whole  fpace  defcribed  in  the  firft  given  time,  to  the 
fum  of  the  fpaces,  or  whole  fpace  defcribed  in  the 
other  given  time.  But  the  fums  of  the  velocities, 
for  any  terms  of  time  taken  from  the  beginning  of  the 
motion,  are  to  each  other  as  the  fquares  of  the  times. 

for  the  times  uniformly  increafing  from  the  be- 
ginning, may  be  expreffed  by  the  natural  feries  of 
numbers,  1 , a,  3, 4,  5,  &c.  &c.  The  velocities,  and 
alio  the  correfpondent  fmall  ipaces,  may  be  expreffed 
by  the  fame  feries,  becaufe  they  are  both  in  die  fame 
ratio  of  the  times.  The  whole  time  of  defeription,  or 
the  fum  of  the  inflants,  will  be  denoted  by  the  number 
of  terms,  or,  which  is  the  fame  in  this  feries,  by  the 
laft  term.  And  the  whole  fpace  defcribed,  or  fum  of 
the  fpaces,  will  be  denoted  by  the  fum  of  the  terms. 
Now,  all  arithmeticians  teach,  that  twice  the  fum  of 
luch  a feries  is  equal  to  the  number  of  the  terms  added 
to  unity,  or  1,  and  multiplied  by  the  lad  term.  But, 
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becaule  the  inftants  contained  in  the  given  time 
have  been  affumed  infinitely  fmall,  the  number  of 
terms  in  the  feries  will  be  infinitely  great,  and  con- 
fequently  the  addition  of  unity  to  the  number  of 
terms  will  not  caufe  any  finite  augmentation.  Re- 
jecting therefore  the  addition  of  unity,  die  double 
fum  of  the  terms  will  be  equal  to  the  number  of 
terms  multiplied  by  the  laft  term,  or,  in  this  feries, 
to  the  laft  term  multiplied  by  itfelf,  that  is,  the 
fquare  of  the  laft  term ; and  becaufe  halves  are  as 
their  wholes,  the  fum  of  the  terms  will  be  in  the  fame 
ratio.  But  the  fum  of  the  terms  exprefies  the  whole 
fpace  defcribed,  and  the  laft  term  denotes  either  the 
whole  time,  or  the  laft  acquired  velocity.  Whence  c 
the  fpace  defcribed  from  the  beginning  of  an  uni- 
formly accelerated  motion  is  as  the  fquare  of  the 
time,  or  as  the  fquare  of  the  laft  acquired  velocity. 
Which  was  to  be  proved. 

If  the  acceleration  ceafes  at  the  end  of  any  given  h 
time,  the  motion  will  become  uniform  with  the  laft 
acquired  velocity,  and  the  fpace  defcribed  in  an  equal 
rerm  of  time  will  be  double  that  which  before  was  de- 
fcribedfrom  the  beginning  by  the  accelerated  motion. 
For  the  fpace  defcribed  in  any  fingle  inftant  of  the 
time  by  the  laft  acquired  velocity  will  be  expreffed 
by  the  laft  term  of  the  juft  mentioned  feries : and  the 
whole  fpace  defcribed  will  be  equal  to  this  fpace 
multiplied  by  the  number  of  inftants.  But  the  time 
or  number  of  inftants  being  equal  to  the  preceding 
time  of  acceleration,  will  be  expreffed  by  the  num- 
ber of  terms,  or,  in  this  feries,  by  the  laft  term.  The 
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fpace  defcribed  will  be  therefore  exprelTc-d  by  the 
laft  term  multiplied  by  itfelf ; that  is  to  fay,  it  will 
be  the  double  of  the  fpace  defcribed  by  the  accele- 
rated motion  in  an  equal  time.  * 

j When  it  is  laid  that  a number  denotes  any  mag- 
nitude, it  is  to  be  underftood  that  the  number  is 
part  of  a feries,  whofe  terms  vary  in  a ratio  always 
correfpondent,  or  equal  to  the  ratio  of  the  magni- 
tudes denoted  s that  is  to  fay,  the  ratio  between  any 
two  terms  of  the  feries  is  always  equal  to  the  ratio 
between  the  mo  magnitudes  that  correfpond  to 
thofe  terms.  In  this  fenfe,  any  magnitudes,  how- 
ever unlike,  may  reprefent  each  other.  Here  fol- 
lows a geometrical  demon ftration  of  the  foregoing 
propofitions,  in  which  lines  are  made  ufe  of  in- 
ftead  of  numbers. 

k In  the  triangle  abc,  fig.  5.  let  the  equal  divi- 
fions  a,  1,2,  3,  &c.  on  the  fide  a b,  reprefent  equal 
parts  of  the  time  of  an  uniformly  accelerated  motion. 
Then  the  parallel  lines,  1 d,  2 e,  3 f,  &c.  may  re- 
prefent the  velocities  at  the  feveral  inftants,  1 , 2, 
3,  &c.  for  they  are  in  proportion  to  the  times  a 1, 
a 2,  a 3,  &c.  And  in  like  manner  for  any  other 
part  of  the  time  as  a m,  the  velocity  generated  will 
be  reprefented  by  its  correfpondent  ordinate  mn. 
And  the  fum  of  the  ordinates  correfponding  with 
any  part  of  the  time  will  reprefent  the  fum  of  the 
velocities.  But  the  fum  of  the  ordinates,  when  taken 
indefinitely  numerous,  may  be  conceived  to  occupy 
the  area  contained  between  the  ordinates  of  the  firft 
and  laft  inftants  of  the  time.  And  thefe  areas, 
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when  taken  from  the  beginning  a,  are  as  the  fquares 
of  the  times  ai,  a a,  A3,  &c.  or  of  the  velocities 
1 d,  2e,  jf. , ike.  by  the  property  of  fimilar  figures. 
Therefore  the  fums  of  the  velocities,  and  confe-  l 
quendy  the  ipaces  defer i bed  in  any  given  terms  of 
time  taken  from  the  beginning  of  an  uniformly  acce- 
lerated motion,  are  to  each  other  as  the  fquares  of 
the  times,  or  of  the  laft  acquired  velocities.  Hence  m 
it  likewife  appears,  that  the  Ipaces  deferibed  in  equal 
fuccefllve  parts  of  time,  are  as  the  areas  contained 
between  a and  id,  id  and  2 e,  2 e and  3 f,  &c. 
which  areas  are  to  each  other  as  the  odd  numbers 
1,  3,  5,  7,  9,  &c.  as  appears  by  infpedlion  from  the 
number  of  equal  and  fimilar  fmail  triangles  con- 
tained in  each. 

Again,  fuppofe  the  motion  at  the  end  of  the  time  n 
ab  to  become  uniform  with  the  lafb  acquired  velo- 
city bc.  Complete  the  parallelogram  bdec,  making 
b d equal  to  a b,  and  the  ordinates  1 i,  2 k,  3 1,  &c. 
will  denote  velocities,  and  confequently  Ipaces  de- 
feribed. Their  fum  will  exprefs  the  whole  fpace 
deferibed  in  a time  equal  to  a b,  and  will  be  denoted 
by  the  area  bdec.  But  this  area  is  equal  to  twice 
the  area  abc.  Confequently  the  fpace  deferibed  o 
by  an  uniform  motion  with  the  laft  acquired  velo- 
city, during  a time  equal  to  that  of  the  acceleration 
from  the  beginning,  will  be  double  the  fpace  deferibed 
by  the  accelerated  motion. 

It  will  be  readily  evinced,  that  an  uniformly  re-  p 
tarded  motion  is  exadlly  the  reverfe  of  a motion  uni- 
formly 
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formly  accelerated.  For  iuppofe  a conftant  force 
aCting  againft  a body  in  motion ; as,  for  example, 
gravity  aCting  againft  the  motion  of  a body  pro- 
jected direCtly  upwards,  it  will  deftroy  an  equal  part 
of  the  initial  velocity  in  an  equal  particle  of  time. 
Now,  if  thefe  equal  deductions  be  called  unities,  and 
be  fucceftively  taken  from  any  number  whatfoever, 
till  the  laft  remainder  be  nothing,  it  is  evident  that 
the  feries  of  remainders  will  be  the  natural  num-. 
bers  i,  2,  3,  &c.  in  a reverfed  order,  and  every 
thing  that  was  proved  of  the  times,  fpaces,  and 
velocities  (28,  f.  30,  k),  or  of  the  parts  of  the 
triangle  abc,  fig.  5.  will  be  true,  mutatis  mutandis, 
that  is  to  fay. 

In  the  fame  body  in  motion,  and  retarded  by  a 
conftant  and  equally  aCting  force,  the  fpaces  de- 
fcribed  in  coming  to  reft,  are  as  the  fquares  of  the 
r initial  velocities  (29,  g.  31,  l),  or,  as  the  fquares 
s of  the  times  during  which  they  are  defcribed.  And 
are  equal  to  half  the  fpaces,  which  in  an  equal  time 
would  have  been  defcribed  by  their  refpeCtive  initial 
velocities  uniformly  continued. 
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CHAP.  V. 

OF  the  production,  communication,  or 

DESTRUCTION  OF  MOTION. 

MO  T I O N is  produced,  deftroyed,  or  changed  t 
in  a body*  either  by  the  impulfe,  collifion, 
or  ftroke  of  another  body  in  motion,  or  by  the  force 
of  attraction.  Repulfion  being  immediately  the  con-  u 
trary  to  attraftion,  and  not  being  perhaps  fufficiently 
general  and  univerfal  (6)  to  be  admitted  as  a com- 
mon property  of  body,  need  not  be  here  confidered. 

We  do  not  know  whether  the  diftin&ion  be-  v 
tween  impulfe  and  attraction  be  real,  and  exifting  in 
the  nature  of  things,  or  only  relative  to  the  imper- 
teft  hate  of  our  knowledge.  The  moft  obfervable  w 
difreience  is,  that  impulfe  is  a force  which  aefts  from 
place  to  place,  or,  in  other  words,  cannot  be  with- 
out motion  : but  attraction  can  exert  itfelf  even 
though  no  motion  is  produced. 

To  exemplify  this,  fuppofe  two  bodies  to  meet  x 
directly  with  equal  quantities  of  motion  ; the  effect 
of  the  broke  will  be,  that  the  whole  motion  will  be 
deftroyed,  and  the  bodies  will  remain  together.  The 
forces  will  hkewife  be  deftroyed,  and  the  bodies  may 
be  moved  apart;  each  with  the  fame  facility  as  if  the 
other  did  not  exift.  In  this  Cafe,  we  have  fuppofed 
no  attraction  to  be  exerted  by  them  on  each  other. 

But  let  it  now  be  fuppofed,  that  their  motion,  inftead 
of  being  uniform,  and  the  confequence  of  their 
inertia,  is  produced  by  a mutual  attraction.  They 
'.ome  together,  and  the  motion  is  deftroyed  as  be- 
V oi,  I,  X)  fore. 
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fore.  But  the  force  of  attraction,  by  which  they 
were  originally  put  in  motion,  remains,  and  is  exerted 
in  prefling  them  againft  each  other, 
y The  fmalleft  finite  impulfe  can  overcome  the 
great^ft  finite  prefifure.  For,  let  any  prefiure  be 
fuppofed  to  produce  acceleration,  and  the  body, 
when  in  motion,  will  have  more  force  than  when  it 
was  merely  preffed.  In  its  acceleration  from  reft,  it 
muft  pafs  through  every  poftible  velocity  lefs  than 
the  velocity  laft  acquired.  Let  the  impelling  body 
have  a momentum  exprefied  by  the  product  of  its 
rnafs  into  its  velocity  (19,  l).  Whatever  product 
this  may  be,  it  is  pofiible  to  afiurne  a period  of  the 
acceleration  of  the  body  preffed,  in  which  its  velo- 
city fhall  be  fo  fmall,  as  that  its  product  into  its 
mafs  fhall  be  ftill  lefs.  And  it  has  already  been 
faid,  that  the  force  of  mere  prefiure  is  yet  lefs  than 
this.  Confequently,  it  is  lefs  than  that  of  the 
impulfe. 

z From  this  it  is  inferred,  if  two  bodies,  perfectly 
hard,  or  unyielding,  were  to  ftrike  each  other  with  any 
velocity,  that  they  would  be  broken  to  pieces,  provid- 
ed the  cohefion  of  their  parts  were  lefs  than  infinite. 
a But  if  the  cohefion  were  infinite,  it  is  prefumed  that 
the  communication  or  deftruCtion  of  motion  would 
e be  inftantaneous.  However,  there  are  no  fuch 
bodies  found  in  nature,  and  very  confiderable  diffi- 
culties arife  in  the  abftraCt  reafoning  concerning 
them. 

c There  appears  to  be  the  fame  relation  between 
prefiure  and  momentum  as  between  a line  and  a 

furface. 
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furface.  In  Tome  refpecfts,  the  firft  may  be  faid  to 
generate  die  latter.  Both  are  capable  of  increafe  or 
diminution,  and  yet  no  increafe  or  diminution  of  the 
one  can  produce  the  other. 

i nat  preffure,  which  gravity  caufes  bodies  to  d 
exert  againft  any  obftacle  interpofed  between  them 
and  the  earth,  is  called  Weight.  We  have  already 
taken  notice  oi  its  effecfc  when  free  to  produce  an 
uniform  acceleration  in  falling  bodies  (26,  abc). 

If  its  power  could  be  increafed  or  diminilhed,  it 
would  proportionally  increafe  or  diminifh  the  mo- 
mentaneous  velocities  and  fpaces,  (28,  e)  and  confe- 
quently  the  whole  lpace  pafied  through  in  a given 
time ; that  is  to  fay,  conftant  forces  are  as  the  fpaces  e 
pa  ued  tlirough  by  acceleration  in  a given  time,  or 
as  the  laft  acquired  velocities. 

When  the  effe6t  of  any  retarding  force  is  confi-  f 
dered  (31,  p),  the  force  will,  in  a given  time,  be  as 
the  whole  fpace  defcribed  during  the  retardation,  till 
the  motion  is  deftroyed,  or  as  the  initial  velocity. 

Let  two  accelerating  forces  be  to  each  other  in 
any  ratio,  the  laft  acquired  velocities  will  (35,  e)  be 
in  the  fame  ratio.  Imagine  the  lefs  motion  to  be 
continued  till  its  laft  acquired  velocity  becomes 
equal  to  that  of  the  other,  and  the  whole  time 
(27,  d)  will  then  be  to  the  former  time  as  the  greater 
velocity  to  the  lefs,  or  inverfely  as  the  forces ; that 
is,  the  times  required  to  produce  equal  velocities  g 
are  inverfely  as  the  accelerating  forces.  But  the 
fpaces  defcribed  in  equal  times  are  as  the  forces 
(35>  E)-  Whence  the  fpaces  defcribed  in  any  other 
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times  will  be  as  the  forces  and  the  fquares  of  ther 
times  (29,  c)  jointly.  But  when  equal  veloci- 
ties are  produced,  the  fquares  of  the  times  will  be- 
inverfely  as  the  fquares  of  the  forces  (35,  g). 
Therefore  the  fpaces  in  this  cafe  will  be  as  the  forces 
directly,  and  the  fquares  of  the  forces  inverfely,  or 
h inverfely  as  the  forces ; that  is,  the  fpaces  palled 
through  in  producing  equal  final  velocities  are  in- 
verfely as  the  accelerating  forces. 

1 When  the  effeft  of  a retarding  force  is  confidered 
(31,  p)  the  fpaces  palled  through  in  deltroying 
motion  are  inverfely  as  the  retarding  forces,  when 
the  initial  velocities  are  equal. 
k If  a body  be  afted  upon  by  a conftant  force, 
and  its  mafs  be  either  increafed  or  diminifhed,  with- 
out altering  the  force,  the  effeft  will  be  the  fame 
with  refpedt  to  acceleration  or  retardation,  as  if  the 
force,  without  changing  the  body,  were  diminifhed 
or  increafed  in  the  inverted  ratio  of  the  mafs.  For 
the  force  being  fuppofed  invariable,  will  always 
produce  or  deftroy  the  fame  quantity  of  motion 
(21,  o^)  in  a given  time.  This  quantity  will  be 
meafured  by  die  produdt  of  the  mafs  into  the  ve- 
locity (19,  l).  And  that  this  produft  may  con- 
tinue unaltered,  it  is  neceffary  that  the  velocity 
fliould  diminifh  in  the  fame  proportion  as  the  mafs 
is  increafed,  and  the  contrary. 
l A body  impinging  with  different  velocities  on 
tallow,  clay,  timber,  and  fome  other  lubftances, 
penetrates  to  depths  in  the  fame  fubftance  which  arc 
as  the  fquares  of  the  initial  velocities.  Whence  it 

follows, 
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follows,  (32,  cl)  thatthefe  fubftances  oppofe  a con- 
ftant  and  invariable  force  of  retardation  againft  the 
motions  of  given  bodies. 

Suppofe  a body  to  impinge  on  an  uniformly  re- 
filling fubftance,  if  the  initial  velocity  vary  only,  it 
will  penetrate  to  depths  which  are  as  the  fquares  of 
the  velocities  (32,  cl).  But  if  the  mafs  (not  magni- 
tude) vary  only,  the  confequence  will  be  the  fame  as 
if  the  retarding  force  had  varied  in  the  inverted  ratio 
of  the  mafs  (36,  k).  And  the  depths  or  fpaces  will 
be  inverfely  as  the  retarding  forces  (36,  1)  or  direflly 
as  the  maffes : confequently,  if  both  the  mafs  and  m 
velocity  vary,  the  depths  will  be  in  the  compound 
ratio  of  the  mafTes  and  the  fquares  of  the  velocities. 

The  difpute  concerning  the  meafure  of  forces,  n 
which  divided  the  philofophical  world  for  confi- 
derably  more  than  half  a century,  was  founded  on  a 
partial  confideration  of  the  effects  of  collifion.  The  o 
queftion  agitated  was,  whether  the  forces  of  bodies 
in  motion  ought  to  be  meafured  by  the  mafs  of 
matter  multiplied  by  the  velocity,  or  by  the  mals 
multiplied  by  the  fquare  of  the  velocity.  The  for- 
mer affirmation  was  called  the  old  opinion,  and  the 
latter  the  new  opinion. 

Neither  of  thefe  opinions  are  diffidently  general  p 
to  apply  to  c-very  cafe  of  motion,  neither  are  they 
repugnant  to  each  other,  as  the  contenders  for  each 
infilled.  The  chief  argument  urged  by  the  main-  q_ 
tainers  of  the  new  opinion  was,  that  fpheres  of  equal 
magnitude,  but  of  different  weights,  being  let  fall 
into  tallow,  from  heights  that  were  inverfely  as  the 
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weights,  made  pits  of  equal  depths  in  the  fame. 
Now,  faid  the  difputants,  equal  caufes  are  dioic 
which  produce  equal  effects ; die  forces  or  thefe 
bodies  at  their  impact  on  the  tallow  muff  be  equal, 
as  being  the  caufes  of  equal  effects,  namely,  the 
pits  in  the  fame  fubffance.  But  the  fquares  of  the 
velocities  of  the  impacts  are  (29,  c-)  as  the  heights 
from  whence  the  bodies  fall,  or  in  this  cafe  inverfely 
as  the  weights  of  the  bodies.  Therefore  die  pro- 
duct of  each  weight  or  mate  into  the  lquare  ot  its 
velocity  is  equal  to  the  product  of  the  other  weight 
into,  the  fquare  of  its  velocity,  when  the  pits,  or,  as 
it  is  affirmed,  the  forces,  are  equal, 

r All  this  is  true,  when  it  is  confidered  as  a mere 
explanation  of  the  meaning  of  the  word  force, 
which,  if  underftood  and  applied  in  this  fenfe,  will 
s not  be  productive  of  error.  But  when  the  above  is 
intended  to  ferve  as  a proof  that  the  action  of  a 
body  in  motion  cannot  be  meafured  by  the  mafs 
multiplied  into  its  velocity,  it  becomes  neceffary  to 
obferve,  that  the  pit  in  the  tallow  being  equal  to 
another  pit,  does  not  prove  that  they  were  made,  by 
T equal  powers  or  forces.  For  powers  cannot  be  faid  to 
be  equal,  unlefs  they  produce  equal  effects  in  equal 
times ; it  being  eafy  to  imagine,  that  a weaker 
power  continued  for  a longer  time  may  produce  an 
effect  equal  to  that  of  a power  of  greater  intenfity, 
u though  of  lefs  duration.  And  it  is  evident,  that 
thefe  pits  are  not  defcribed  in  equal  times  $ for  they 
are  equal  to  half  the  fpaces  which  would  have  been 
defcribed  with  their  refpective  initial  velocities  uni- 
formly 
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formly  continued  (32,  s)  in  the  refpeftive  times  of 
defcription.  But  the  initial  velocities  would  de- 
fcribe  fuch  equal  fpaces  in  times  which  are  inverfely 
as  the  velocities  themfelves.  And  it  has  been  al-  v 
ready  feen,  that  the  refult  of  the  prefent  experi- 
ment is  an  eafy  confequence  of  the  properties  of 
retarded  motion,  confidered  jointly  with  that  de- 
finition which  affirms  the  force  or  quantity  of 
motion  in  a body  to  be  as  the  produft  of  the  mafs 
into  the  velocity  (37,  m). 

The  confideration  that  moving  bodies  penetrate  w 
obftacles  to  depths  which  are  as  the  mafs  of  the 
body  multiplied  by  the  fquare  of  its  velocity, -is 
of  great  ufe  in  almoft  every  circumftance  of  the 
kind.  It  follows  from  hence,  that  the  depths  to  x 
which  a body  of  given  magnitude  will  penetrate 
into  any  fubftance,  may  be  varied  to  infinity,  with- 
out changing  the  quantity  of  motion.  For  the 
depths  will  always  be  greateft  when  the  velocity 
is  greateft  (37,  m)  ; and  the  quantity  of  motion, 
or  produft  of  the  mafs  into  the  velocity,  will  not 
be  changed,  if  the  mafs  be  diminifhed  propoition- 
ally  while  the  velocity  is  augmented,  and  the  con- 
trary. 

Thus  it  is  ffiewn,  that  a fmall  hammer,  having  y 
the  fame  ftriking  furface  and  quantity  of  motion, 
will  do  more  work  at  a blow  than  a large  one. 
The  driving  of  nails,  or  of  piles  into  the  earth, 
follows  nearly  the  fame  law,  though  in  the  inftance 
of  the  engine  for  driving  piles  by  the  fill  of  a 
weight,  nothing  (37*  O would  be  gained  by  lef- 
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icning  the  weight  and  railing  it  higher:  becaufe, 
from  the  property  of  the  mechanical  engines,  the 
heights  to  which  weights  can  be  raifed  in  a given 
time  are  inverfely  as  their  weights, 
z When  a body  in  motion  firikes  another  at  reft, 
it  does  not  communicate  the  utmoft  quantity  of 
motion  to  this  laft,  until  its  whole  action  has  been 
exerted,  which,  if  it  penetrates,  is  not  until  is  has 
either  penetrated  to  its  utmoft  depth,  or  palled 
a through.  Hence  a projedtile  may  pafs  through  an 
obftacle  without  communicating  any  confiderable 
quantity  of  its  motion,  provided  the  obftacle  be 
confideraby  lefs  thick  than  the  depth  to  which  the 
projedtile  muft  have  penetrated  by  its  whole  efforts. 
b I his  is  exemplified  in  a piftol-bullet  fhot  againft  a 
door  fet  op.en,  through  which  it  paffes  without 
communicating  motion  enough  to  overcome  the 
iriction  of  the  hinges:  whereas  a large  piece  of  lead, 
having  the  fame  momentum^  inftead  of  penetrating, 
carries  the  door  before  it,  even  though  the  ftriking 
part  be  a prominence  no  larger  than  the  bullet  in 
the  former  cafe. 

c 1 he  different  effedts  of  motion,  according  as  the 
velocity  is  greater  or  lefs,  is  fhewn  likewife  in  the 


vulgar  experiment  of  breaking  a ftick,  whole  ends 
reft  on  two  wine-glafles.  Fig.  6.  Let  the  two 
wine-glaiTes  4,  c,  be  filled,  and  let  the  ftick  ac  be 
placed  with  its  ends  reftmg  on  the  two  inner  edges, 
as  in  the  figure.  Then,  if  a quick  blow  be  ftruck 
downwards,  on  the  middle  part  b,  the  ftick  will  be 


broken  afunder,  without  difturbing  either  the  glaiTcs 


or 
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or  their  contents.  In  this  experiment  the  two  pieces 
a b,  b c,  are  made  to  revolve  on  the  points  e and 
d,  fo  that  the  points  a and  c rife  up  inftead  of 
prefling  the  edges  of  the  glades.  On  this  account, 
if  the  blow  at  b be  ftruck  underneath  inftead  of 
of  above  the  flick,  the  glades  will  be  broken. 

That  power  or  property  by  which  a body  re-  d 
covers  its  figure,  after  it  has  been  changed  by  any 
external  adtion,  is  called  elaflicity. 

If  a body  flrike  another  at  reft,  and  one  or  both  e 
of  them  yield  inwards,  or  change  their  figure,  the 
latter  body  will  gradually,  during  the  time  of 
. change,  pals  through  every  poftible  velocity  from  reft 
or  nothing,  to  that  which  is  exprefled  by  dividing 
the  quantity  of  motion  in  the  ftriking  body  by 
the  fum  of  the  two  bodies  (19,  l.  24,  u) ; at 
which  laft  inftant  both  bodies  will  have  the  fame 
velocity,  and  will  proceed  uniformly  together,  pro- 
vided neither  be  elaftic. 

But  if  both  bodies  be  perfecliy  elaftic,  they  will  f 
} ield  inwards,  and  tne  gradual  change  of  velocity 
will  obtain  as  before,  till  the  inftant  of  the  utmoft 
yielding,  at  which  time  both  will  have  the  fame 
velocity.  But  the  elaflicity  being  fuppofed  perfedl, 
ooth  bodies  will  recover  their  figure  with  a force 
equal,  to  that  by  which  it  was  changed.  The  ac- 
tion of  the  elaftic  force  being  contrary  to  that  of  the 
foimer  flroke,  wiil  caufc  the  two  bodies  to  fepa- 
rate  with  tne  fame  relative  velocity  as  they  before 
came  together.  That  is  to  fay,  the  ftriking  body 
will  lofe  tv, ’ice  as  much  motion  as  it  would  have 

loft 
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loft  by  a fimilar  collifton  without  elafticity,  and 
the  body  ftruck  will  in  like  manner  gain  twice  as 
much.  Confequently  the  ftriking  body,  after  the 
collifion,  will  either  proceed  forward,  remain  at 
reft,  or  be  reflected  back,  according  as  its  mals  is 
greater,  equal  to,  or  lefs  than  that  of  the  body 
ftruck. 

h The  experimental  methods  of  illuftrating  the 
theorems  relating  to  motion  have  been  made,  for 
the  moft  part,  on  pendulous  bodies,  or  on  bodies 
let  fail,  either  along  inclined  planes,  or  in  the 

i open  air.  Mr.  John  Whitehurft,  F.  R.  S.  has 
invented  an  inftrument  for  meafuring  the  time  a 
body  employs  in  falling  through  a given  fpace.  Its 
principal  excellency  confifts  in  meafuring,  to  an 
accuracy,  far  beyond  the  reach  of  the  fenfes.  The 
fenfe  can  with  difficulty  divide  a fecond  into  twelve 
parts  : but  this  inftrument  divides  it  into  one  hun- 
dred. A hand  or  index,  connected  with  wheel - 
work,  is  made  to  revolve  uniformly  in  a circle  di- 
vided into  one  hundred  equal  parts,  each  revolu- 
tion being  performed  in  one  fecond.  The  regu- 
lator of  the  motion  is  a fly,  whofe  leaves  may  be 
let  fo  as  to  difplace  a greater  or  lefs  quantity  of  air, 
accordingly  as  the  inftrument  is  required  to  go  flower 
or  fafter  5 or  the  fame  adjuftment  may  be  more  ac- 
curately obtained  by  altering  the  weight  that  gives 
motion  to  the  wheels.  By  the  conftruftion  of  the 
inftrument  the  body  is  let  go  at  the  beginning  of 
a revolution,  and  at  the  end  of  its  fall  it  ftrikes 

another 
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another  part  of  the  mechanifm,  that  inffantly  flops 
the  hand,  or  index. 

Mr.  G.  Atwood,  F.  R.  S.  has  invented  an  in-  k 
ffcrument  for  meafuring  the  fpaces  paffed  through 
in  a given  time  by  a body  in  motion,  whether  that 
motion  be  accelerated,  retarded,  or  uniform.  It 
confifts  of  two  cylindrical  boxes,  fufpended  at  the 
ends  of  a fine  filk  line  that  pafies  over  a wheel  or 
pulley.  The  axis  of  the  pulley  lefts  on  the  cir- 
cumferences of  four  other  wheels,  fo  that  the  effect 
of  fridlion  is  fcarcely  fenfible.  If  the  two  boxes  be 
equally  loaded,  the  weight  of  the  one  will  oounter- 
poile  or  deffroy  the  effect  of  the  gravity  of  the 
other.  The  two  boxes  with  their  contents,  too-e- 
ther  with  part  of  the  pulley,  may,  in  this,  cafe, 
be  confidered  as  compofing  a mafs  void  of  gravity. 
Let  any  weight  be  added  to  one  of  the  boxes,  and  as 
this  weight  is  at  liberty  to  move,  it  will  be  uniformly 
accelerated  by  the  conflant  adlion  of  gravity  (27, 
d)  : but  by  the  conftrubtion  of  the  inffrument,  it 
muff  give  an  equal  velocity  to  the  whole  mafs  be- 
fore mentioned,  which,  therefore,  may  be  faid  to 
be  an  increafe  of  its  mafs,  while  the  moving  force 
remains  conflant.  The  fpaces  paffed  through  in  a 
given  time  by  the  body  will,  therefore,  be  to  the 
fpaces  it  would  have  paffed  alone  by  the  fame  adlion 
of  gravity,  (36,  k.  35,  e)  as  its  own  mafs  or 
weight  is  to  the  whole  mafs  in  motion.  By  this 
happy  contrivance,  the  fpaces  paffed  through  by 
acceleration  or  otherwife,  in  a given  time,  are  ren- 
dered fhort,  and  eafy  to  be  obferved  with  preci- 

fion. 
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fion.  For  this  intention  there  is  a chronometer 
beating  feconds  added  to  the  inftrumenf,  and  a 
graduated  rule  near  one  of  the  boxes,  with  a 
moveable  ftage,  to  limit  or  terminate  the  mo- 
tion *. 


CHAP.  VI. 

OF  THE  ATTRACTION  OF  COHESION,  AND  OP 
SPECIFIC  ATTRACTIONS. 

l HpiHE  attra&ion  of  cohefion  is  that  force  by 
JL  which  bodies  or  their  particles  adhere  to 
each  other. 

M It  is  demonftrated,  that  if  the  forces  by  which 
the  particles  of  bodies  tend  towards  each  other  de- 
creafe  in  the  proportion  of  the  fquares  of  their 
diftances,  the  attractive  force  of  two  fpheres  com- 
pofed  of  fuch  particles,  will  be  governed  by  the 
fame  law ; relation  being  had  to  the  diftances  of 
their  centers : and  confequendy,  it  will  not  be 
fenfibly  greater  when  they  are  in  contadl,  than  when 
n they  are  at  a fmall  diftance  from  each  other.  But 
if  the  firft  mentioned  forces  decreafe  in  the  pro- 
portion of  the  cubes  of  their  diftances,  or  in  any 
greater  proportion,  the  latter  will  decreafe  after  a 
much  higher  rate,  and  the  bodies,  when  in  con- 

* This  inftrument,  and  its  various  ufes,  are  defcribed  at 
large  in  an  excellent  analytical  treatife,  by  the  inventor,  in- 
titled,  “ A Treatife  on  the  reftilinear  motion  and  rotation 
“ of  bodies.1’ 
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tacb,  will  attract  each  other  very  much  more  for-  v 
cibly  than  when  feparated  at  the  leaft  diftance  from 
each  other  *. 

The  firft  of  thefe  attractions  is  gravity,  as  is  o 
evinced  by  its  aCtion  on  the  planetary  bodies,  and 
the  latter  appears  to  be  the  attraction  of  cohefion,  p 
for  its  force  is  vaftly  lefs  at  the  leaft  diftance,  than 
at  the  place  of  contacft. 

In  confequence  of  this  law,  feveral  deductions 
are  made,  which  are  found  to  agree  with  the  phe- 
nomena of  this  latter  kind  of  attraction,  as, 

Thofe  particles  which  are  pofieflfed  of  large  fur-  q_ 
faces  of  contact,  adhere  moft  ftrongly  together, 
and  form  bodies  which  are  called  hard. 

Thofe  particles  which  touch  each  other  in  few  r 
points,  compofe  bodies  which  are  foft  or  fluid,  on 
account  of  the  fmall  force  with  which  their  parts 
adhere  together-. 

And  hence  probably  may  be  explained  the  elafti-  s 
city  of  fome  bodies ; for  it  feems  to  depend  on 
the  cohefive  force  which  reftores  the  particles  to 
their  firft  relative  fituation,  wThen  by  any  external 
impulfe,  they  have  been  removed  to  a very  fmall 
diftance  from  each  other. 

Many  difcoveries  remain  for  the  induftry  of  fu-  t 
ture  philofophers  to  make  concerning  this  very 
powerful  agent  in  nature. 

By  this  power  the  drops  of  all  fluids  aflume  a u 
round  form^  and  polifhed  plates  of  metal  adhere 

* Principia  I.  76. — I.  86. 
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together  with  & prodigious  force.  This  laSt  is  exem- 

v plified  by  paring  a fmall  part  from  each  of  two 
leaden  bullets,  and  prefling  the  furfaces  together ; 
in  which  cafe,  with  a furface  of  contact  not  ex- 
ceeding the  twentieth  part  of  a fquare  inch,  it  will 
frequently  require  the  force  of  100  lb.  to  feparate 
them. 

W By  this  power  alfo  it  is,  that  liquids  rife  into 
the  Subftance  of  bread,  fponge,  and  other  porous 
bodies and  are  Sustained  in  open  capillary  tubes 
a considerable  height  above  the  level.  This 
height  is  in  the  reciprocal  proportion  of  the  dia- 
meters of  the  tubes. 

x Two  plain  glafs  plates,  fig.  7 . touching  each  other 
at  the  line  a b,  and  feparated  at  c d,  by  a fmall 
obstacle  k,  being  placed  in  the  veSTel  of  water 
efgh,  the  water  rifes  between  them  to  the  line 
d 1 a,  which  is  an  hyperbola. 

y Let  two  plain  glafs  plates  abcd,  fig.  8 . be  lightly 
moistened  with  oil  of  oranges,  and  placed  one  upon 
the  other,  fo  as  to  touch  at  the  line  a b,  being  kept 
feparate  at  c d,  by  the  fmall  obstacle  l interpofed. 
In  this  fituation  let  them  be  placed  in  the  horizontal 
box,  efgh,  the  part  c d retting  on  its  bottom, 
and  the  other  part  towards  ab,  retting  on  the 
upper  end  of  the  perpendicular  fcrew  ik,  which 
is  fixed  in  the  box  for  the  purpofe  of  raifing  the 
plates  to  any  defired  angle  of  elevation.  Then  a 
drop  of  the  above  mentioned  oil  being  applied  in 
the  opening  cd,  will  be  attracted  by  the  two 
plates,  and  will  proceed  with  an  accelerated  mo- 
st tion 
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tion  towards  a b,  if  the  plates  are  kept  iji  an  hori- 
zontal pofition.  But  if  the  end  ab  be  raifed  by 
means  of  the  lcrew,  to  a confiderable  angle,  the 
drop  v/ill  remain  fufpended  in  its  collide  fomewhere 
between  c d and  a b,  fuppofe  at  n,  and  if  the  ele- 
vation be  encreafed,  it  will  return  towards  c d,  its 
weight  overpowering  the  attraction  of  the  plates. 

Now,  fince  the  weight  of  the  drop  continues 
unaltered,  it  will  not  be  difficult  to  find  its  ten- 
dency to  return,  or  that  part  of  its  weight  which 
is  exerted  in  the  inclined  defcent.  For  the  pro- 
portion between  that  part  and  the  whole,  is  as  the 
height  of  the  plane  to  its  length,  as  will  hereafter 
be  (hewn.  And  lince  the  two  powers,  namely, 
die  attraction  by  which  the  drop  tends  upwards, 
and  that  part  of  its  weight  which  is  exerted  in  the 
contrary  direction,  are  equal  when  it  remains  fuf- 
pended, the  meafure  or  quantity  of  the  one  will 
exprefs  the  meafure  or  quantity  of  the  other.  By 
thefe  means  it  is  eafy  to  determine  the  attractive 
force ; which  is  found  to  increafe  in  the  reciprocal 
proportion  of  the  fquares  of  the  diftances  of  the 
middle  of  the  drop,  from  the  end  where  the  plates 
are  in  contaCt.  That  is,  limply  in  a reciprocal 
proportion,  becaufe  the  drop  enlarges  its  furface 
as  the  fpace  becomes  narrower ; and  again,  limply 
in  a reciprocal  proportion,  becaufe  the  attraction 
increafes,  the  nearer  the  plates  approach  each 
other. 

This  cohefive  attraction  extends  to  an  extremely  z 
fmall  diltance  from  bodies,  and  where  its  power 
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terminates,  repulfion  takes  place,  of  which  we  {hall 
fubjoin  a few  inftances. 

a All  hard  bodies  require  a confiderabie  force  to 
bring  them  into  contact,  as  appears  by  compreffmg 
a convex  lens  and  plane  glafs  together,  which  ex- 
hibit different  appearances  at  the  very  point  of  flip- 
pofed  contact,  according  to  the  different  degrees  of 
compreffion.  This  is  likewife  fhewn  from  the  paf- 
fage  of  the  eleftric  matter  through  metallic  chains. 
Of  which  more  hereafter. 

b When  it  rains  on  the  furface  of  a veffel  of  water, 
fmall  drops  may  frequently  be  feen  running  in  ail 
directions,  which  do  not  mix  with  the  reft  of  the 
water  for  feveral  feconds. 

c Hence  likewife  it  is,  that  bodies  fpecifically  hea- 
vier than  any  fluid  may  be  made  to  fwim  on  its  furface  j 
for,  if  by  their  repulfion  a quantity  of  the  fluid  is  dis- 
placed equal  in  weight  to  the  folid,  it  will  not  fink. 

d Dry  needles  or  thin  plates  of  metal  fwim  on 
water,  and  form  cavities  of  a curve  lined  form,  ex- 
tending to  a confiderabie  diftance  from  the  body. 

e Let  ace,  fig.  9.  reprefent  the  fefrion  of  a veffel 
of  water,  on  whofe  furface  ab  is  laid  two  circular 
plates  of  tinfoil,  on  each  of  which  is  placed  a fmall 
curtain  ring,  or  fome  fiich  body,  to  encreafe  its 
weight,  and  caufe  it  to  fink  farther  beneath  the 
furface.  By  this  means  they  may  form  two  cavities 
about  one-tenth  of  an  inch  deep,  and  extending  half 
an  inch  every  way  from  the  circumferences  of  the 
plates.  If  they  are  brought  within  the  diftance  of  an 
inch  from  each  other,  they  will  rufh  together  with  an 
accelerated  motion, 


Things 
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Things  remaining  as  in  the  laft  experiment,  J^t  f 
d and  e fig.  10.  be  two  pieces  of  wet  cork  of  the 
fame  dimenfions ; the  water  then,  by  adhering  to 
their  fides,  may  form  a curve  lined  protuberance, 
extending  • about  half  an  inch  from  their  circumfe- 
rences, and  when  they  are  brought  within  an  inch  of 
each  other,  they  will  rufh  together  as  before. 

Thefe  appearances  are  eafily  accounted  for,  by  c 
confidering,  that  aCtion  and  reaction  are  equal.  The 
plate  of  tinfoil,  by  its  repuMion,  a&s  on  the  water, 
and  prevents  its  filling  the  cavity,  and  the  water  by 
its  weight  reads  on  the  plate  j but  as  this  reaction  is 
the  fame  on  aU  fides,  no  motion  is  produced.  But 
when  the  two  plates  approach  each  other  near 
enough  to  unite  their  repulfive  actions,  the  weight 
of  the  water  between  them  being  diminifhed  by  the 
depreffion,  its  reaction  is  lefs  than  that  which  pre- 
vails on  the  oppofite  parts  of  the  circumferences : 
confequently  they  move  in  the  direction  of  the 
greater  prefibre,  that  is,  towards  each  other. 

In  the  latter  cafe,  the  reaction  is  in  a contrary  h 
direction,  being  oppofed  to  an  attractive,  inftead  of 
a repulfive  force ; for  the  reaction  of  the  water  en- 
deavouring on  all  fides  to  return  to  its  level,  pro- 
duces no  motion,  becaufe  its  height  is  the  fame  at 
equal  diftances  all  round.  But  when  the  two  attrac- 
tive powers  are,  by  bringing  the  bodies  nearer,  made 
to  aCt  on  the  fame  water  between  them,  it  is  raffed 
higher  above  the  common  fiirface,  and  confequently 
reads  more  ftrongly  on  that  fide , whence  the  bodies 
Vol,  t E rufh 
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rufh  together,  as  in  the  former  cafe.  A deprefllon  of  th<? 
furface  between  the  two  corks  will,  by  diminiffiing 
the  quantity  of  water,  occafion  them  to  recede  from 
each  other. 

It  is  not  yet  decided  whether  the  attraction  of 
Cohefion,  or  the  power  by  which  bodies  retain  the 
ao-o-reo-ation  of  their  parts,  be  one  and  the  fame  with 
the  attraction  of  combination,  or  chemical  affinity. 
But  as  far  as  experiment  has  yet  extended  on  this 
fubjeCt,  there  feems  to  be  reafon  to  believe  that  they 
are  the  effeCt  of  the  fame  power. 

When  the  rational  method  of  philofophizing  from 
•bfervation  and  experiment  was  lefs  known  and 
:fteemed  than  it  is  at  prefent,  many  objections  were 
tade  to  the  admitting  attraction  as  a general  caufc. 


maong  others,  it  was  faid  to  be  a revival  of  the 


trifling  philofophy  of  occult  caufes.  But  nothing 
can  be  more  inconfiftent  and  abfurd  than  to  compare 
lat  philofophy,  which  deduces  general  laws  from 
ae  obfervation  of  phenomena,  with  the  compen- 
lious  method  that  vanity  has  invented  to  difguife  or 
Conceal  human  ignorance,  by  referring  particular 
aCts  to  occult  caufes.  The  laws  of  motion,  the  ex- 
pnfion,  the  inertia,  the  refiftance,  and  the  attraction 
' matter,  are  deduced  in  the  fame  manner ; and  if 
lie  caufes  of  thefe  be  occult  or  unknown,  it  is  not 
Jiat  philofophers  are  unwilling,  but  becaufe  they 
have  not  yet  been  able  to  difeover  them,  or  becaufe 
fome  of  them  are,  perhaps,  fo  fimple,  as  to  be  refer- 
able only  to  the  will  of  the  Creator.  Nothing, 

however. 


.i/your/tf* 


IftTtitiH  Ftp.  2. 


t L. 

» B 


Tiettumstratum  Fu}-  4 


Attraction  ot  Co/iaia/i  Fit/.J. 


Jiepulrion  Fig.g . 
D E 

V.  — Cm  Qa 


Attmctio/i  of  Co/icsio/i  Jig.  S 


AcrcleraterlFfbiurn.  ^ 

5. 


Ml  M.I. 

ir~  ■ /'•  fa/e- b. 60. 

l ir/H/>0///1C?<’d  JlirtlO/l  1’U?.3 , jr 


ATTRACTION.  £J 

however,  can  be  clearer,  than  that  the  exiftence  of  a 
thing  may  be  known,  though  its  caufe  be  latent ; and 
it  is  enough  that  attraction  really  exifts  and  a£ts 
according  to  eftablifhed  laws,  to  juftify  philofophers 
in  admitting  it  in  their  explication  of  natural  appear- 
ances. 
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Of  bodies  in  motion. 


CHAP.  I. 


OF  THE  MECHANICAL  POWERS. 

HEN  two  heavy  bodies  or  weights  are  l 


▼ V made  by  any  contrivance  to  adt  againft  each 
other,  fo  as  mutually  to  prevent  each  other  from 
being  put  into  motion  by  gravity,  they  are  faid  to 
be  in  equilibrio.  The  fame  expreffion  is  ufed  with 
refpedt  to  other  forces,  which  mutually  prevent  each 
other  from  producing  motion. 

Any  force  may  be  compared  with  gravity,  con-  m 
fidered  as  a ftandard.  Weight  is  the  adtion  of  gra- 
vity on  a given  mafs  (35,  d).  Whatever  therefore 
is  proved  concerning  the  weights  of  bodies  will  be 
true  in  like  circumftances  of  other  forces. 

Weights  are  fuppofed  to  adt  in  lines  of  diredtion  N 
parallel  to  each  other.  In  fadt,  thefe  lines  are  diredted 
to  the  center  of  the  earth,  but  the  angle  formed 
between  any  two  of  them  within  the  Ipace  occupied 
by  a mechanical  engine  is  fo  fmall,  that  the  largeft 
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and  moll  accurate  aftronomical  inftruments  are 
fcarcely  capable  of  exhibiting  it. 

O The  fimpleft  of  thofe  inftruments,  by  means  of 
which  weights,  or  forces  are  made  to  aft  in  oppofi- 
tion  to  each'  other,  are  ufually  termed  Mechanical 
Powers.  Their  names  are,  the  Lever,  the  Axis  and 
Wheel,  the  Pulley  or  Tackle,  the  inclined  Plane? 
the  Wedge,  and  the  Screw. 

9 In  the  theoretical  confideration  of  thefe  Ample 
inftruments,  the  parts  they  are  compofed  of  are 
imagined  or  fuppofed  to  poftefs  no  other  properties 
than  thofe  which  conduce  to  the  purpofe  of  their 
conftruftion.  Thus,  they  are  all  fuppofed  to  be 
without  weight  or  inertia,  and  to  move  without 
friftion.  Many  of  thefe  parts  are  taken  to  be 
mathematical  lines,  fome  perfeftly  inflexible,  and 
others  perfeftly  flexible,  reprefenting  ropes.  And 
thefe  fuppofitions  are  allowable,  becaufe  they  imply 
nothing  more  than  that  the  reafonings  relate  only  to 
perfeft  inftruments,  and  it  is  confequently  no  more 
to  be  urged  that  there  are  no  perfeft  inftruments, 
than  that  there  are  no  perfeft  mathematical  figures, 
at  leaft  that  fenfe  is  able  to  difcover  or  diftinguilh. 
Tor  the  difference  between  theory  and  praftice  is  in 
fome  cafes  inconfiderable,  and  may  in  general  be 
allowed  for  without  much  difficulty,  from  the  gene- 
ral principles  of  mechanics,  when  once  eftablifhed. 
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C H A P..  II. 

OF  THE  LEVER. 

TH  E lever  is  a moveable  and  inflexible  line, 
acted  upon  by  three  forces,  the  middle  one 
of  which  is  contrary  in  direction  to  the  other  two. 

One  of  thefe  forces  is  ufually  produced  by  the  re-  r 
aftion  of  a fixed  body,  called  the  fulcrum. 

Let  ac  (fig.  ii.)  reprefent  an  horizontal  lever  at  s 
reft.  At  the  point  b,  equidiftant  from  a and  c,  is 
placed  the  fulcrum  d,  and  at  the  extremities  a and 
c are  hung  the  equal  weights  e and  f.  Then  the 
lever  will  continue  at  reft,  the  weights  e and  f 
being  in  equilibrio.  For  it  is  evident,  that  if  the 
line  a c be  moved  on  the  fulcrum  b,  its  extremities 
a and  c will  each  be  carried  with  equal  velocities  in 
the  periphery  of  the  fame  circle.  And  becaufe  a c is 
horizontal,  the  actions  of  the  weights  e f will  be  in 
direction  at  right  angles  to  its  length:  that  is  to  fay, 
they  will  act  in  the  diredtion  of  tangents  to  the  faid 
circle  at  the  points  a and  c ; or  they  will  act  in  the 
direction  of  thofe  particles  of  the  periphery,  which 
may  be  imagined  to  coincide  with  the  tangents. 
Each  prefilire  therefore  tends  to  move  the  corre- 
fpondent  extremity  of  the  line  a c in  that  very  line 
of  diredtion.  in  which  only  it  can  move.  Suppole 
the  preflure  at  c to  be  removed,  and  the  whole 
preflure  at  a will  be  employed  in  deprefiing  the 
point  a,  or,  \yhich  is  neceflfarily  in  this  cafe  the 
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fame,  in  Failing  the  point  c : on  account  therefore 
of  the  equal  velocities  of  the  points  a and  c,  the 
action  of  e at  the  point  a will  be  the  fame  as  if 
it  were  exerted  at  c in  the  direction  of  the  tangent 
cg.  But  again,  fuppofe  the  equal  weight  f to  be 
reftored,  and  the  point  c will  then  be  acted  on  by 
two  equal  and  oppofite  forces,  which,  deftroying 
each  others  effeft,  will  not  produce  motion  5 eon- 
fequently  the  lever  will  continue  at  reft. 

T It  is  likewife  evident,  that  if  the  radii  a b and  b c 
are  not  in  a right  line,  the  equal  forces  will  never- 
thelefs  be  in  equilibrio,  if  they  are  applied  in  the 
directions  of  the  tangents  : thus,  if  b c be  bent  to 
the  pofition  b k,  and  the  force  f be  there  applied  in 
the  direction  k f,  the  equilibrium  will  remain  as 
before. 

u If  two  contrary  forces  be  applied  to  a lever  at 
unequal  diftances  from  the  fulcrum,  they  will  equi- 
ponderate when  the  forces  are  to  each  other  in  the 
reciprocal  proportion  of  their  diftances.  For, 

v Let  ac  (ftg.  12.)  reprefeat  a lever,  whofe  radius 
a b is  three  times  as  long  as  b c.  At  a is  fuf- 
pended  the  weight  e of  one  pound,  and  at  c is 
fufpended  the  weight  f of  three  pounds.  Then,  I 
fay,  thefe  weights  will  equiponderate.  With  the 
radius  b a defcribe  the  arc  a k,  interfe&ing  c.  f at  k. 
Draw  the  line  bk,  which  may  reprefent  another 
arm  to  the  lever ; and  it  will  be  evidently  of  no 
confequence,  whether  the  thread  c f be  fattened  at 
cor  Kj  conceive  it  therefore  to  be  fattened  at  k, 
and  to  aCt  on  the  arm  b k.  Let  a g reprefent  die 

force 
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force  of  e,  and  k f,  being  three  times  as  long,  will 
reprefent  the  force  of  f.  This  force  kf  maybe 
refolved  (23,  t)  into  two  others,  ki  in  the  direc* 
tion  of  b k , and  k h in  the  direction  of  the  tangent, 
and  their  quantities  are  determined  by  drawing  the 
lines  fh  and  f i,  parallel  rcfpedtively  to  k i and  k h. 
Now,  ki  has  noeffedt  in  moving  the  ami  bk.  It 
is  the  force  k h alone  that  tends  to  produce  motion 
towards  h.  The  triangles  bck  and  khf  are  fimi- 
lar,  therefore,  bk:bc::kf:kh.  But  bk  : bc, 
as  3 to  1,  whence  the  force  kh  is  4 of  kf,  as  is 
likewife  a g by  the  condition.  Confequently  h k 
and  a g are  equal,  and  being  applied  at  the  end  of 
equal  arms  ab,  bk,  will  be  in  equilibrio  (56,  t), 
which  was  to  be  proved  ; and  the  conclufion  will  be 
the  fame,  when  the  weights  are  to  each  other  in  any 
other  ratio,  provided  the  arms  of  the  lever  a b and 
bc  be  reciprocally  in  the  fame  proportion. 

By  the  relolution  of  force  it  appears,  that  if  two  w 
contrary  forces  be  applied  to  a ftrait  lever  at  diftan- 
tances  from  the  fulcrum  in  the  reciprocal  propor- 
tion of  their  quantities,  and  in  difedtions  always 
parallel  to  each  other;  the  lever  will  remain  at  reft 
in  any  pofition. 

For,  let  the  forces,  ae,  cf  (fig.  13.)  be  refolved:  x 
a e into  g e parallel,  and  g a perpendicular  to  aCj 
and  c f into  k f parallel,  and  c h perpendicular  to 
a c ; and  the  forces,  which  tend  to  produce  motion, 
will  in  all  pofitions  be  to  each  other  in  the  ratio 
of  the  forces  applied;  i.  e.  ae  : cf  : : aC  : ch, 
die  triangles  age  and  chf  being  fimilar* 
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y Many  curious  and  ufeful  effiedts  may  be  produced 
by  levers,  whofe  arms  are  bent  into  an  angle;  but 
the  limits  of  this  work  does  not  permit  us  to  enlarge 
upon  them. 

Z It  is  evident,  that  all  which  has  been  faid  con- 
cerning the  lever  is  equally  true,  when  the  contrary 
forces  are  applied  on  the  fame  fide  of  the  fulcrum, 

A On  the  lever  a b,  (fig.  14.)  if  the  weight  e of  one 
pound  be  applied  at  a,  and  the  weight  f of  three 
pounds  at  c,  fo  that  their  diftances  ab  and  cb, 
from  the  fulcrum  b,  may  be  as  three  to  one,  they 
will  equiponderate ; which  is  proved  by  applying 
the  reafoning  at  fig.  12.  to  the  prefent  figure. 

B Since,  of  die  three  forces  which  adt  on  a lever, 
the  two  which  are  applied  at  the  extremes  are  always 
in  a contrary  direction  to  that  -which  is  applied  in 
the  (pace  between  them ; this  lafl  force  will  fuf- 
tain  the  effedt6  of  the  other  two : or,  in  other 
-words,  if  the  fulcrum  be  placed  between  the  weights, 
it  will  be  adted  upon  by,  or  will  fuftain  their  fumj 
but  if  the- weights  are  on  the  fame  fide  of  the  ful- 
crum, it  will  be  adted  upon  by  their  difference. 

c On  the  principle  of  the  lever  are  made,  fcales  for 
weighing  different  quantities  of  various  kinds  of 
fubftances ; the  fteelyard,  which  anfwers  the  fame 
purpofe  by  a fingle  weight,  removed  to  diffe- 
rent diftances  from  the  fulcrum  on  a graduated 
arm,  according  as  the  body  to  be  weighed  is  more 
or  lefs  in  quantity ; and  the  bent  lever  balance, 
which,  by  the  revolution  of  a fixed  weight,  increaf- 
ing  in  power  as  it  afcends  in  the  arc  of  a circle, 
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indicates  the  weight  of  the  counterpoife.  abode 
(fig.  15.)  is  a bent  lever,  fupported  on  its  axis  or 
fulcrum  b in  the  pillar  j h.  At  a is  fufpended  the 
fcale  e,  and  at  c is  affixed  a weight : draw  the  horir- 
zontal  line  kg  through  the  fulcrum,  on  which-, 
from  a and  c,  let  fall  the  perpendiculars  a k and 
c d ; then,  if  b k and  e d are  reciprocally  in  propor- 
tion to  the  weights  at  a and  c,  they  will  be  in  equi- 
jibrio,  but  if  not,  the  weight  c will  move  along  the 
arc  f g,  till  that  ratio  is  obtained.  It  is  eafy  to  gra^ 
duate  the  plate  fg  fo  as  to  exprefs  the  weight  in  e by 
the  pofition  of  c. 

The  beam  of  the  common  balance  is  a bent  lever, 
with  equal  arms.  Its  property  of  coming  to  reft  in  an 
horizontal  pofition,  when  the  extremes  are  equally- 
loaded  is  a confequence  of  its  being  bent,  or,  which 
is  the  fame  thing,  of  its  fulcrum  being  above  the 
line,  joining  the  two  points  on  which  the  fcales  are 
fufpended.  For  it  is  evident,  (fig.  16.)  that  there 
is  but  one  pofition  in  which  the  lengths  of  the  arms 
a b,  b c,  referred  to  the  horizontal  line  d e,  can  be 
equal,  and  tfiat  is  when  the  points  a and  c are  on  the 
fame  level. 

Balances  that  move  with  very  little  fridlion  on  the 
fulcrum,  and  are  exactly  equibrachial,  are  highly 
valued.  But  this  laft  property  is  of  lefs  importance 
than  is  commonly  imagined.  For,  if  two  balances 
be  equally  fenfibje,  and  one  of  them  not  equibra- 
chial, it  is  certain,  that  if  the  ftandard  weight  be 
placed  in  one  of  the  fcales  of  this  laft,  and  counter- 
poifed,  and  the  ftandard  weight  be  afterwards  re- 
moved. 
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moved;  an?  Other  body  fubfti  tuted  in  its  place  will 
iiaxe  exactly  the  fame  mafs,  if  it  be  in  equilibrio 
with  the  counterpoife.  In  fadt,  this  is  the  beft 
-method  of  weighing,  when  greax  accuracy  is  re- 
quired. 

c On  this  principle  alfo  depends  the  motions  of 
animals,  the  overturning  or  lifting  great  weights 
by  means  of  iron  levers  called  crows,  the  adtion  of 
nutcrackers,  pincers,  and  many  other  inftruments 
of  the  fame  nature. 


CHAP.  III. 


•OF  THE  AXIS  AND  WHEEL,  AND  OF  THE  PULLEY 


OR  TACKLE. 


h r HE  axis  and  wheel  may  be  confidered  as 


X a lever,  one  of  the  forces  being  applied  at 
the  circumference  of  the  axis,  and  the  other  at 
the  circumference  of  the  wheel,  the  central  line  of 
the  axis  being  as  it  wrere  the  fulcrum.  Fig.  17. 
is  a perfpedtive  view  of  the  inftrument,  and  fig. 
18.  is  a fedtion  of  the  fame  at  right  angles  to  the 
axis.  1'hen,  if  a b,  the  femidiameter  of  the  axis, 
be  to  e c,  the  femidiameter  of  the  wheel,  recipro- 
cally as  the  power  e is  to  the  power  Fy  the  firft  of 
which  is  applied  in  the  direction  of  the  tangent  of 
the  axis,  and  the  other  in  the  direction  of  the 
tangent  of  the  wheel,  they  will  be  in  equilibrio 
(56,  u).  For  ac  may  be  conceived  to  be  a lever. 
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whofe  fulcrum  is  b,  and  whofe  forces  applied  at* 
a and  c are  in  die  reciprocal  proportion  of  their 
diftances. 

To  this  power  may  be  referred  the  capftan  or  i 
crane,  by  which  weights  are  raifed,  the  winch  and 
barrel,  for  drawing  water  out  of  wells,  and  num- 
berlefs  other  machines  on  the  fame  principle. 

The  pulley  is  likewife  explained  on  the  prin-  k 
ciple  of  the  lever.  The  line  ac  (fig.  19.)  may 
be  conceived  to  be  a lever,  whofe  arms  a b and  b c 
are  equidiftant  from  the  fulcrum  b.  Confequently 
the  two  equal  powers  e and  f,  applied  in  the  di-, 
reftions  of  the  tangents  to  the  circle  in  which  the 
extremities  are  moveable,,  will  be  in  equilibrio 
(55,  s).  And  the  fulcrum  b will  fuftain  both 
forces  (5 S,  b). 

But  in  fig.  20,  the  fulcrum  is  at  c,  dierefore  a l 
given  force  at  e will  fuftain  in  equilibrio  a double 
force  at  f,  for  in  that  proportion  reciprocally  are 
their  diftances  from  the  fulcrum  (56^  u,  58,  z). 
Whence  it  appears,  that,  confidering  e as  a force,  m 
and  f as  a weight  to  be  raifed,  no  increafe  of  power 
is  gained  when  the  pulley  is  fixed,  as  in  figf  1 9. 
but  that  a double  increafe  of  power  is  gained  when 
the  pulley  moves  with  the  weight  (fig.  20). 

A combination  of  pulleys  is  called  a tackle,  and  n 
a boK  containing  one  or  more  pulleys,  is  called  a 
block, 

ao  b (fig.  21.)  is  a tackle  compofed  of  four  pul-  o, 
Jeysj  two  of  which  are  in  the  fixed  block  a,  and 
ihe  other  two  in  the  block  b that  moves  with  the 

weight 
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? weight  f.  Now,  becaufe  the  rope  is  equally 
flretched  throughout,  each  lower  pulley  will  be 
adted  upon  by  an  equal  part  of  the  weight *.  and, 
becaufe  in  each  pulley  that  moves  with  the  weight 
a double  inereafe  of  power  is  gained ; the  force 
by  which  f may  be  fuftained  will  be  equal  to  half 
die  weight  divided  by  the  number  of  lower  pulleys. 
That  is,  as  twice  the  number  of  lower  pulleys  is  to 
i,  fo  is  the  weight  fufpended  to  the  fufpending 
force. 

But  if  the  extremity  c (fig.  22.)  be  affixed  to  the 
lower  block,  it  will  fuftain  half  as  much  as  a 
pulley  j confequently  the  analogy  wall  then  be,  as 
twice  the  number  of  lower  pulleys,  more  1 is  to  1, 
fo  is  the  weight  fufpended  to  the  fufpending  force. 

It  is  for  the  mofl  part  more  convenient  to  form 
tackles  with  blocks  of  the  form  exhibited  in  fig.  23. 
■r  This  reafoning  depends  on  the  equal  tenfion  of 
the  rope,  and  is  therefore  conclufive  only  when  the 
tackle  is  wrought  by  a fingle  rope.  In  the  fyftem 
of  pulleys  (fig.  24.)  the  power  increafes  in  a 
geometrical  feries,  whofe  common  ratio  is  2,  and 
number  of  terms  equal  to  the  number  of  pulleys. 
Thus,  if  a force  be  applied  at  a,  it  will  be  adted 
upon  by  half  the  weight  f ; if  at  b,  by  -f ; if  at 
• c,  by  j;  and  if  at  d,  by  4s  i &c.  The  reafon  of 
which  is  evident  from  what  has  been  already  faid. 
s It  is  evident,  that  in  the  compofition  of  forces, 
the  force  produced  is  lefs  than  the  fum  of  the  com- 
pounding forces;  ad  (fig.  3.)  being  always  lefs 
than  the  fum  of  ac  and  ab.  On  the  contrary,  in 

the 
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the  refolution  of  force,  a gain  of  force  is  produced, 
which  is  exemplified  in  the  following  inftance  : 

The  rope  eacbf  (fig.  25.)  is  paffed  over  die  t 
pulleys  a and  b,  and  under  the  pulley  c.  Equal 
weights  are  fufpended  at  e and  f,  wliofe  actions  on 
c may  be  reprefented  by  the  equal  lines  cj  and 
ch.  Thefe  forces  compounded  give  cd,  which 
will  exprefs  the  force  exerted  by  the  two  weights 
e and  f,  tending  to  move  c in  the  direction  of  the 
perpendicular,  and  is  lefs  dian  the  fum  of  cj  and 
ch.  Confequently  a weight  c being  applied  at  c, 
whofe  quantity  is  lefs  than  the  whole  quantity  of  e 
and  f in  the  fame  proportion,  will  fuftain  their 
effects,  and  remain  in  equilibrio.  Therefore,  if 
we  confider  e and  f,  as  producing  by  compofition 
a force  equal  to  c,  a lofs  of  .force,  enfues  ; and  on 
the  other  hand,  if  g be  confidered  as  producing 
forces  by  refolution  equal  to  e and  f,  an  increafe 
of  force  is  acquired. 

The  quantity  of  this  increafe  or  diminution  is  u 
readily  determined  thus. 

From  j let  fall  the  perpendicular  jk  upon  c d, 
then  ck  will  be  the  half  of  cd.  And  j c is  half 
the  fum  of  jc  and  ch.  Now,  as  the  whole  of 
that  fum  is  to  cd,  fo  is  the  fum  of  the  weights  £ 
and  f to  the  weight  g (for  they  refpeftively  repre- 
fent  the  forces  of  thofe  weights)  and  fo  is  jc  to 
ck.  But  j c is  the  fecant  of  the  angle  formed  be- 
tween the  rope  ac  and  the  perpendicular  cd, 
the  line  c k being  radius.  Therefore,  as  the  fe- 
cant of  the  angle  formed  between  one  of  the  ropes, 
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and  the  perpendicular  is  to  radius,  fo  is  the  fum 
of  the  weights  z and  f to  the  weight  g. 
u Hence  it  follows,  that  the  general  deduction 
concerning  pulleys  and  weights  are  only  true  when 
the  ropes  are  parallel. 

The  pulley  or  tackle  is  of  fuch  general  utility, 
that  it  is  needlefs  to  point  out  any  particular  in- 
fiance. 

CHAP.  IV. 

OF  THE  INCLINED  PLANE,  AND  OF  THE  WEDGE. 

'V  HpHE  inclined  plane  has  in  its  effefls  a near 
X analogy  to  the  lever.  Let  ab  be  an  horizon- 
tal plane  on  which  the  weight  e is  placed,  and  let  e d- 
reprefent  the  force  exerted  by  the  weight,  a b may 
alfo  be  conceived  to  aft  as  the  ami  of  a lever,  whofer 
fulcrum  is  a.  Let  this  lever  revolve  on  its  fulcrum 
from  b to  c,  then  die  weight  e will  be  found  at  e,  and 
will  aft  on  the  plane  ac  with  an  oblique  force  ed, 
equal  and  parallel  to  e d.  Refolve  ed  into,  e b per- 
pendicular, and  bd  parallel  to  ac,  and  the  force eb 
will  be  deftroyed  by  the  reaftion  of  the  plane.  With 
the  other  force  b d,  the  weight  will  proceed  with 
x an  accelerated  motion  towards  a.  Whence  it  may- 
be obferved,  diat  the  inclined  plane,  afling  againfl 
e in  the  manner  of  a lever,  deftroys  that  force 
which  is  exerted  in  the  direftion  of  the  tangent  of 
its  line  of  motion,  and  that  the  afling  force  in  this 
in.ftrument  is  that  which  in  treating  of  the  lever 
2.  y/as 
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* 

was  rejected  (56,  v),  as  having  no  effed.  The  y 
Force  v/ith  which  any  weight  on  an  inclined  plane 
tends  downwards  in  the  direction  of  the  plane,  is 
to  the  weight  itfelf,  as  bd  to  de.  Or  as  eF  to 
a e,  which  is  the  ratio  of  the  height  of  the  plane 
to  its  length,  becayfe  the  triangles  bed  and  re  a 
are  fimilar.  ButeF  is  to  Ae  as  the  fine  of  the 
. angle  the  inclined  plane  makes  with  the  horizon  is 
to  radius.  (See  fig.  26.)  Therefore,  as  the  faid  fine  z 
is  to  radius,  fo  is  the  force  tending  downwards  in 
the  diredion  of  the  plane  to  the  weight.  And  be- 
caufe  radius  is  a conftant  quantity,  the  forces  by 
which  the  fame  weight  tends  downwards  in  the 
diredions  of  various  planes  will  be  as  the  fines  of 
their  inclinations. 

This  inftrument  is  not  much  ufed  in  its  fimple 
Form. 

If  it  be  required  to  fhew  what  force  in  the  di-  a 
redion  ep  parallel  to  a b (fig.  27.)  will  fuftain  the 
weight  e in  equilibrio.  Set  off  em  equal  to  bd, 
which  will  reprefent  its  force  or  tendency  in  the 
diredion  of  the  plane,  and  equal,  but  on  the  con- 
trary fide,  fet  off  e n,  which  will  reprefent  the  force 
that,  applied  in  the  oppofite  diredion,  will  fuftain 
the  weight  in  equilibrio.  Draw  np  perpendicular 
to  ac  and  ep  parallel  to  ab,  interfeding  n p in  p, 
ep  will  be  the  force  required  ; for  it  is  compofed 
of  en  and  np,  and  np  being  perpendicular  to  the  di- 
redioh  of  the  tendency  of  e avails  nothing.  Join  pd 
and  this  laft  found  force  is  to  the  whole  weight  of  e,  b 
as  pe  to  ed.  Or  as  eF  to  f a,  which  is  the  ratio  of 
Vol.  I.  F the 
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the  perpendicular  height  of  the  plane  to  its  hori- 
zontal bafe,  for  the  triangles  ped  and  eF  a are  fi- 
c milar  *.  And  fince  action  and  reaction  are  equal, 
and  in  contrary  directions  (22,  r),  it  is  evident  that 
the  fame  force  ep,  which  fuflains  e on  the  fixed 
inclined  plane  cab,  applied  in  the  contrary  direction 
would,  if  the  plane  be  fuppofed  moveable  in  the 
direction  of  its  bafe  a b,  and  the  body  e fixed  by 
the  application  of  an  obftacle  qr,  fuftain  the  effort 
with  which  the  faid  body  tends  to  impel  the  plane 
from  e towards  p. 

d The  wedge  is  compofed  of  two  inclined  planes 
joined  together  at  their  common  bafe,  in  the  direc- 
tion of  which  the  power  is  impreffed. 
e Let  abc  (fig.  28.)  reprefent  a wedge,  whofe 
vertex  a is  inferted  between  the  two  bodies  d and 
E,  which  being  fixed  in  pofition,  refifb  in  a cer- 
tain degree  any  force  which  tends  to  feparate  them. 
This  refiftance  ufually  is,  like  the  weight  in  the  in- 
clined plane,  perpendicular  to  the  bafe  af,  and 
the  power,  or  force  employed  to  overcome  it,  is 

# The  fimilarity  of  thefe  triangles  not  being  obvioufly 
deducible  is  proved  thus : 

Prolong  pe  and  dm  till  they  meet  in  s;  and  the  right 
angled  triangle  mse  will  be  equal  and  fimilar  to  the  tri- 
angle npc,  se  being  equal  to  ep. 

The  triangles  sed,  ped  have  the  two  lulcs  se,  ep  equal, 
the  fide  ed  common  to  both,  and  the  included  angles  sed, 
ped  are  both  right  angles.  Confequently  the  triangles  are 
equal  and  alike  in  all  refpefts.  Euclid  I.  4. 

But  it  is  eafily  fhewn,  that  the  triangle  sed  is  fimilar  to 
the  triangle  cf  a,  and  lb  likewife  mult  ped. 
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imprefled  as  was  juft  mentioned,  in  the  direction 
of  the  faid  bafe.  Therefore,  by  the  property  of 
the  inclined  plane,  the  force  required  to  keep  one 
half  c f a of  the  wedge  in  equilibrio  with  the  pref- 
fure  of  the  body  d,  is  to  that  preflure  as  c f to 
fa.  But  as  the  preflure  on  the  other  half  of  the 
wedge  a<5ts  with  equal  eflecft,  a double  force  will  be 
required  to  preferve  the  equilibrium,  that  is,  a 
force  as  cb  to  fa.  Or,  in  general  terms;  in  any  f 
wedge,  as  the  line  cb,  joining  the  two  equal  Tides 
a b and  ac,  is  to  the  diftance  between  the  vertex 
a,  and  the  middie  point  f of  cb,  fo  is  the  force 
imprefled  to  the  refiftance  in  d and  e. 

This  inftrument  is  commonly  ufed  in  cleaving  g 
wood,  and  was  formerly  applied  in  engines  for 
ftamping  watch-plates.  The  force  imprefled  is 
commonly  a blow,  which  is  found  to  be  much  more 
effectual  than  a weight  or  preflure.  This  diffe- 
rence is  ufually  accounted  for,  by  fuppofing  that 
the  tremulous  motion  produced  by  the  ftroke,  con- 
fiderably  diminifiies  the  very  great  fricftion  at  the 
Tides.  But  there  is  no  doubt,  that  it  is  chiefly  re- 
ferable to  the  principles  that  obtain  when  refilling 
bodies  are  penetrated  (37,  m). 

All  cutting  inftruments  may  be  referred  to  the  h 
wedge.  A chizel,  or  an  axe,  is  a Ample  wedge. 

A Taw  is  a number  of  chizels  fixed  in  a line.  A 
knife  may  be  confidered  as  a wedge  when  em- 
ployed in  fplitting,  but  if  attention  be  paid  to  the 
edge,  it  is  found  to  be  a fine  faw,  as  is  evident 
from  the  much  greater  effedt  all  knives  produce  by 

Fa  a draw- 
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a drawing  ftroke,  than  what  would  have  followed 
from  a direct  adion  of  the  edge.  • 


CHAP.  V. 

OF  THE  SCREW,  AND  OF  MECHANICAL  ENGINES 

IN  GENERAL. 

i np HE  Screw  is  compofed  of  two  parts,  one 
of  which  is  called  the  fcrew,  and  confifts  of 
a fjpiral  protuberance,  called  the  thread,  which  is 
wound  or  wrapt  round  a cylinder;  and  the  other, 
called  the  nut,  is  perforated  to  the  dimenfions  of 
the  cylinder,  and  in  the  internal  cavity  is  cut  a 
fpiral  groove  adapted  to  receive  the  thread. 
k Let  adge  (fig.  29.)  reprefent  a cylinder,  and 
abc  any  flexible  fubllance  of  a thicknefs  altoge- 
ther inconfiderable  or  evanefcent.  Suppoie  abc 
to  be  a triangle,  having  a right  angle  at  a,  and 
one  of  the  legs  a b containing  the  right  angle  to 
be  applied  to  the  cylinder  in  a line  parallel  to  its 
axis.  Imagine  now  the  cylinder  to  turn  on  its 
axis,  fo  that  the  triangle  abc  may  be  rolled  or 
wrapped  clofe  on  its  furface.  The  lines  bc,  and 
all  others,  as  1 k.,  l r,  parallel  to  it,  will  then  be  con- 
tiguous to,  or  coincident  with,  the  peripheries  of 
circles  whofe  planes  are  all  at  right  angles  to  the 
axis,  and  coitfequently  parallel  to  each  other.  But 
the  line  a c will  become  a curve  a qj.  m a n o p,  &c. 
l which  is  called  an  helix.  This  curve  will  always, 
or  in  every  part,  proceed  from  one  towards  the 
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ocher  end  of  the  cylinder  it  enwraps,  and  will 
make  equal  angles  with  the  generating  circle  of 
the  cylinder.  For  any  one  of  thefe  angles,  ak  r,  will 
be  produced  by  the  application  of  another  angle 
aki,  always  equal  to  the  angle  acb. 

Suppole  the  cylinder  adge  to  be  perpendicu-  m 
lar  to  the  horizon,  the  lines  bc  and  its  parallels, 
together  with  all  their  correfpondent  circles  on  the 
cylinder,  will  then  become  horizontal.  Let  the 
line  ac  now  reprefent  an  inclined  plane  whofe 
height  is  a b,  and  the  helix  being  of  the  fame 
length  and  height,  and  equally  inclined  to  the  ho- 
rizon throughout,  will  not  differ  in  mechanic 
effe£t  from  the  inclined  plane.  That  is  to  fay,  the  n 
tendency  of  a weight  to  defcend  on  the  inclined 
plane  will  be  exactly  the  fame  as  on  the  helix. 

Let  al  be  the  perpendicular  diftance  between  o 
two  adjacent  threads.  Draw  the  horizontal  line  l r 
interledting  ac  in  r.  Then  lr  will  be  equal  to 
the  circumference  of  the  cylinder,  and  a r will  be 
equal  to  one  revolution  of  the  helix.  But  a r re- 
prefents  an  inclined  plane,  equivalent  in  power  to 
the  helix.  Eveiy  helix  therefore  is  equivalent  in  p 
power  to  an  inclined  plane,  whofe  length  is  equal 
to  one  revolution  of  the  helix,  and  height  equal  to 
the  diftance  between  two  adjacent  threads  meafured 
by  a line  parallel  to  the  axis  of  the  cylinder  con- 
tained within  the  helix. 

If  the  horizontal  thicknefs  of  the  nut  be  difre- 
garded,  it  will  not  differ  from  a weight  to  be 
fuftained  on  the  helical  plane.  Confequently  it  r 
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will  be  kept  in  equilibrio  by  an  horizontal  force, 
which  is  to  that  of  the  weight,  as  the  perpendi- 
cular diftance  between  two  adjacent  threads  is  to 
the  circumference  of  the  cylinder  (69,  p.  65,  a,  b). 
s Or  if  the  power  be  applied  in  the  direction  of  the 
threads  of  the  fcrew,  the  equilibrio  will  be  had 
when  the  power  is  to  the  weight  as  the  perpendi- 
cular diftance  between  the  two  adjacent  threads  is  to 
the  length  of  one  thread  of  the  fcrew  (69,  p.  65,  y). 
t But  there  are  few,  if  any,  inftances  where  the 
fcrew  is  ufed  without  the  lever.  If  an  arm  ef 
(bg*  3°-)  be  applied  to  move  the  nut,  the  weight 
and  the  power  may  be  confidered  as  afting  upon 
a lever,  whofe  fulcrum  is  at  the  axis  of  the  cylinder, 
u And,  therefore,  the  proportions  laft  found  (it,  s.) 
muft  be  compounded  with  the  ratio  of  the  femi- 
diameter  of  the  cylinder  to  the  diftance  of  e from 
die  axis  of  motion. 

v It  would  be  difficult  to  enumerate  the  very-  many 
ufes  the  fcrew  is  applied  to.  It  is  extremely  fer- 
viceable  in  compreffing  bodies  together,  as  paper, 
&c.  It  is  the  principal  organ  in  all  ftamping  in- 
ftruments  for  ftriking  coins,  or  making  impreffions 
on  paper  or  cards,  and  is  of  vaft  utility  to  the  phi- 
lofopher,  by  affording  an  eafy  method  of  meafuring 
w or  fubdividing  fmall  fpaces.  A very  ordinary  fcrew 
will  divide  an  inch  into  five  thoufand  parts  j but 
the  fine  hardened  fteel  fcrews  that  are  applied  to 
the  limbs  of  aftronomical  inftruments,  will  go 
much  farther.  This  method  will  be  readily  un- 
derftood  from  the  contemplation  of  fig.  31. 
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On  the  rule  echf  is  fixed  the  upright  piece  ef.  x 
Through  this  piece  the  item  of  the  fcrew  a b paflTes, 
and  is  held  by  a collar,  fo  that  it  may  be  moved  on 
its  axis  without  advancing  or  retiring  in  the  direc- 
tion of  its  length.  The  circular  plate  c d is  fixed 
at  right  angles  to  the  axis  of  the  fcrew  which 
pafles  through  its  center.  The  piece  ikml  is 
adapted  to  Aide  lengthways  on  the  rule.  This 
piece  has  a fquare  aperture,  acrofs  which  is  flretched 
a fine  wire  op  at  right  angles  to  the  graduated  line 
on  the  rule  that  may  be  feen  beginning  at  n.  At 
1 k,  on  the  Aiding  piece,  is  a railed  part  perforated 
helically  to  receive  the  fcrew.  Suppofe  the  fcrew 
to  have  fifty  turns  in  the  length  of  an  inch,  and 
the  edge  of  the  plate  to  be  divided  into  100  equal 
parts : fuppofe  likewife,  that  the  wire  o p Hands 
between  two  of  the  dividing  lines,  and  that  it  is 
required  to  determine  its  diftance  from  one  of  them. 
Turn  the  fcrew,  which  of  courfe  will  move  the 
Aiding  piece,  and  obferve,  with  a magnifier,  when 
the  wire  accurately  covers  the  dividing  line.  Then 
the  number  of  whole  turns  of  the  fcrew  employed 
in  the  operation  will  give  as  many  fiftieth  parts  of 
an  inch,  and  the  odd  divifions  of  the  plate  c d 
will  fhew  the  number  of  hundredth  parts  of  a 
turn,  that  is  to  fay,  hundredth  parts  of  one- fif- 
tieth of  an  inch,  or  five  thoufandth  parts  of  an 
inch. 

The  fcrew  has  been  applied  with  great  fuccefs  in  y 
the  divifion  of  agronomical  inftruments  *. 

* By  Mr.  Ramfden,  who  has  written  a treatife  on  the  fubjett. 
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It  is  eafy  to  conceive,  that  when  forces  applied 
to  mechanical  inftruments  are  in  equilibrio,  if  the 
leaft  addition  be  made  to  one  of  them,  it  will  pre- 
ponderate and  overcome  the  effort  of  the  other. 
But  the  want  of  a perfedt  polilh  or  fmoothnefs  in 
the  parts  of  all  inftruments,  and  the  rigidity  of  all 
ropes,  which  increafes  with  the  tenfion,  are  great 
impediments  to  motion,  and  in  compounded  engines 
are  found  to  diminifh  about  one-fourth  of  the  eftedt 
of  the  power. 

The  properties  of  all  the  mechanical  powers 
depending,  as  has  been  fhewn,  on  the  laws  of 
motion  laid  down  in  the  beginning  of  this  treatife, 
and  the  adtion,  or  tendency  to  produce  motion, 
of  each  of  the  two  forces,  being  applied  in  diredtions 
contrary  to  each  other,  the  following  general  rule 
for  finding  the  proportion  of  the  forces  in  equilibrio 
on  any  machine  will  require  no  proof. 

If  two  oppolite  forces  be  applied  to  the  extremes 
of  any  mechanical  engine,  in  the  diredtion  of  the 
lines,  in  which,  by  the  conftrudlion  of  the  engine, 
the  faid  extremes  would  move;  and  the  intenfities 
of  the  forces  be  to  each  other  reciprocally  as  the 
velocities  the  extremes  when  put  in  motion  would 
acquire  in  the  fame  indefinitely  fmall  time  : then 
thofe  forces  will  be  in  equilibrio. 

Suppofe  the  forces  to  be  weights,  and  the  fame 
may  be  expreffed  thus : 

If  two  weights  applied  to  the  extremes  of  any 
mechanical  engine  be  to  each  other  in  the  recipro- 
cal proportion  of  the  velocities  refolved  into  a per- 
pendicular 
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pendicular  direction,  (rejecting  the  other  part)  which 
would  be  acquired  by  each  when  put  in  motion 
for  the  fame  indefinitely  fmall  time,  they  will  be  in 
equilibrio. 

Whence  it  may  be  obferved,  that  in  all  contriv-  d 
ances  by  which  power  is  gained,  a proportional  lofs 
is  iuffered  in  time.  If  one  man,  by  means  of  a 
tackle,  can  raife  as  much  weight  as  ten  men  could  by 
their  unaffifted  ftrength,  he  will  be  ten  times  as  long 
about  it. 

It  is  convenience  alone,  and  not  any  adtual  in-  z 
creafe  of  force,  which  we  obtain  from  mechanics. 
This  may  be  illuftrated  by  the  following  example : 

Suppole  a man  at  the  top  of  a houfe  draws  up  r 
ten  weights,  one  at  a time,  by  a fingle  rope,  in  ten 
minutes.  Let  him  have  a tackle  of  five  lower  pul- 
leys, and  he  will  draw  up  the  whole  ten  at  once  with 
the  fame  eafe  as  he  before  raifed  up  one;  but  in  ten 
times  the  time,  that  is,  in  ten  minutes.  Thus  we 
fee  the  fame  work  is  performed  in  the  fame  time, 
whether  the  tackle  be  ufed  or  not:  but  the  conve- 
nience is,  that  if  the  whole  ten  weights  be  joined 
into  one,  they  may  be  raifed  with  the  tackle,  though 
it  would  be  impoflible  to  move  them  by  the  unaffifted 
ftrength  of  one  man. 

Or,  fuppofe,  inftead  of  ten  weights,  a man  draws  g 
ten  buckets  of  water  from  the  hold  of  a fhip  in  ten 
minutes,  and  that  the  fhip  being  leaky,  admits  an 
equal  quantity  in  the  fame  time.  It  is  propofed, 
that  by  means  of  a tackle,  he  fhall  raife  a bucket 
ten  times  as  capacious.  With  this  affiftance  he 
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performs  it,  but  in  as  long  a time  as  he  employed 
to  draw  the  ten,  and  therefore  is  as  far  from  gaining 
on  the  water  in  the  latter  cafe  as  in  the  former. 
h Since  then,  no  real  gain  of  force  is  acquired  from 
mechanical  contrivances,  there  is  the  greateft  reafon 
to  conclude,  that  a perpetual  motion  is  not  to  be 
obtained.  For  in  all  inftruments  the  fridtion  of  their 
parts  and  other  refiftances  continually  deftroy  a part 
of  the  moving  force,  and  at  laft  put  an  end  to  the 
motion. 


CHAP.  VI 


OF  THE  CENTER  OF  GRAVITY  * 

ET  ab  (fig.  32.)  reprefent  a long  (lender 


iLv  body  of  an  inconfiderable  thicknefs,  which 
is  attracted  by  another  body  in  the  direction  of  the 
(mall  parallel  arrows,  abed,  &c.  Then  the 
motion  of  ab  will  be  the  fum  of  the  motions  of 
all  the  parts  fituate  between  a and  b.  Interpofe 
the  pointed  obftacle  c d,  and  a b may  be  confidered 
as  a lever ; c being  the  fulcrum.  Confequently, 
if  c be  fo  placed  that  the  parts  between  a and  c 
may  be  in  quantity  and  diftance  from  the  fulcrum 
equipollent  to  thofe  between  c and  b,  the  whole 
body  will  reft  in  equilibrio  on  the  point  c.  This 
point  is  called  the  center  of  gravity. 
k The  thicknefs  of  ab  being  inconfiderable,  the 
point  c may  be  efteemed  as  the  center  of  gravity  ^ 
but  is  not  fo  when  the  thicknefs  is  taken  into  the 
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account.  The  foregoing  illultration,  befides  the 
advantage  of  its  fimplicity,  may  ferve  to  fhew  that 
when  we  fpeak  of  the  whole  attractive  force  of  a 
body  being  colle&ed  in  its  center ; as  for  example, 
the  center  of  the  earth,  it  is  not  to  be  imagined  that 
any  real  power,  or,  as  it  were,  magic  force,  is  fup- 
pofed  to  exift  in  that  center.  In  the  fame  manner 
the  body  a b ceafes  to  move,  not  immediately  be- 
caufe  its  center  of  gravity  is  fuftained,  as  if  the  caufe 
of  motion  exifted  in  that  center  alone,  but  becaufe, 
by  the  property  of  the  lever,  the  forces  on  the  fide 
c b are  made  to  counteract  and  deftroy  thofe  on  the 
fide  ca. 

The  center  of  gravity  is  defined  to  be  a point  t 
about  which  all  the  parts  of  a body  or  bodies  are  in 
equilibrio. 

Therefore,  the  center  of  gravity  of  two  bodies,  m 
a and  b (fig.  33.)  will  be  a point  c,  in  the  right 
line  that  joins  their  centers  of  gravity,  which  is 
diftant  from  the  center  of  each  body  in  the  recipro- 
cal proportion  of  their  malfes  (56,  u)  ; that  is,  ac: 
cb  : : b : a.  And  the  center  of  gravity  of  three 
bodies,  fuppofe  a,  b and  e,  will  be  found  at  d in 
the  line  c e,  which  joins  the  center  of  gravity  of  e 
with  the  point  c.  cd  being  to  de  reciprocally  as 
the  fum  of  the  maftes  of  a and  b is  to  the  mafs  of 
e.  For  it  is  eafily  proved,  fuppofing  the  lines  to 
be  levers,  that  the  bodies  a and  b will  equilibrate 
on  the  point  c,  which,  as  the  fulcrum,  will  fuftain 
both  their  forces  (58,  b)  j and  alfo,  that  the  body  e 
will  equilibrate  with  the  force  fuftained  ate*  d being 
3 the 
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fulcrum.  In  this  manner  the  center  of  gravity  of 
any  fyftem  of  bodies  may  be  found. 

n Though  the  point  called  the  center  of  gravity  is 
defined  from  the  univerfal  property,  • gravity,  yet, 
it  may  be  as  well  defined  from  the  inertia  of  mat- 
ter; for  the  point  c (fig.  32.)  is  the  center  of 
inertia,  or  the  point  at  which  an  impulfe  will  move 
the  body  without  producing  rotation  j or,  if  the 
body  were  in  motion  in  a right  line,  without  ro- 
tation, the  point  c is  the  only  point  at  which  the 
oppofition  of  a fixed  obftacie  will  dcftroy  the  whole 
motion  at  once ; but  our  intended  cor.cifenefs  for- 
bids the  elucidation  of  rotatory  motions. 

o If  two  bodies  move  uniformly  in  right  lines, 
their  common  center  of  gravity  will  either  be  at 
reft,  or  will  move  uniformly  in  a right  line ; and 
the  fame  is  likewife  true  of  the  center  of  gravity  of 
three  bodies,  for  the  center  c (fig.  33.)  of  any  two 
of  them  may  be  confidered  as  one  body.  Therefore, 
if  c and  e be  in  motion,  the  common  center  d will 
cither  be  at  reft,  or  will  move  uniformly  in  a 
right  line.  And  the  fame  may  thus  be  fhewn  of 
any  number  of  bodies  *. 

p The  common  center  of  gravity  of  two  or  more 
bodies  does  not  change  its  ftate  of  motion  or  reft 
from  the  mutual  aftions  of  the  bodies  upon  each 
other  ; and  therefore,  the  common  center  of  gra- 
vity ot  all  bodies  mutually  adting  upon  each  other, 
is  either  at  reft,  or  moves  uniformly  in  a right  line, 

* Principia,  in  Corol,  4.  ad  3.  Legem  motus. 
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adtions  and  impediments  from  without  being  ex- 
cluded. For, 

If  the  bodies  a and  b (fig.  33.)  adt  upon  each  q. 
other,  the  motion  produced  in  each  will  be  equal, 
(22,  r)  and  the  ratio  of  c a to  c b will  confe- 
quently  remain  the  fame,  whether  they  approach  to, 
or  recede  from  each  other.  The  ft  ate  of  c will  not 
therefore  be  changed  by  their  mutual  actions.  If 
the  third  body  e be  added  to  the  lyftem,  the  center 
d,  for  the  fame  reafon,  will  not  be  changed,  as  to  its 
ftate  of  motion  or  reft,  whether  e adts  upon  c or 
nGt : and  the  fame  may  be  proved  of  any  number 
of  bodies. 

Since  then  the  ftate  of  the  center  of  gravity  of  r 
any  fyftem  of  bodies,  as  to  reft,  or  uniform  dire<ft^ 
motion,  is  not  affedted  either  by  the  motions  or 
mutual  adtions  of  the  bodies  of  which  it  is  com- 
pofed,  external  actions  or  impediments  being  ex- 
cluded, it  is  plain  that  the  fame  law  holds  good  in 
the  motion  of  a fyftem  of  bodies  as  is  obferved  by  a 
fingle  body.  For  the  progreflive  motion  of  a fingle 
body,  or  of  a fyftem  of  bodies,  muft  be  eftimated  by 
the  motion  of  the  center  of  gravity. 

Hence  it  is  that  the  center  of  gravity  of  the  s 
earth  is  not  affedted  by  the  motions  on  its  furface, 
or  in  its  bowels.  When  a projedtile,  a cannon 
ball,  for  inftance,  is  thrown  upwards,  the  projedting 
force  readying  on  the  earth,  caufes  it  to  move  in  the 
contrary  diredtion  ; but  as  the  motions  are  equal, 
the  center  of  gravity  remains  the  fame. 
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t The  motions  and  aCtions  of  bodies  upon  each 
other  in  a fpace  that  is  carried  uniformly  forward,, 
are  the  fame  as  if  that  fpace  were  at  reft. 

u For  the  motions  and  aCtions  of  bodies  upon'each 
other  depend  on  their  relative  motion,  the  velocity 
of  which  is  the  fum  of  their  abfolute  velocities,  when 
they  are  moved  in  oppofite  directions,  or  their  dif- 
ference when  they  move  in  the  fame  direction.  And 
this  fum  or  difference  is  not  altered  by  an  equal 
velocity  impreffed  on  all  the  bodies  in  the  fame  or 
a parallel  direction,  as  in  the  prefent  cafe : fince, 
when  two  bodies  move  in  contrary  directions,  in  a 
fpace  carried  uniformly  forward,  the  velocity  added 
to  that  body,  with  whofe  motion  the  * motion  of 
the  fpace  confpires,  is  exaCtly  equal  to  the  velocity 
deftroyed  in  the  other  body,  whofe  motion  is 
oppofed  by  that  of  the  fpace ; and  when  the  bodies 
move  in  the  fame  direction,  an  equal  velocity  be- 
ing added  to,  or  deftroyed  in  both,  the  difference  is 

v likewife  unaltered.  This  is  likewife  confirmed  by 
daily  experience ; motions  performed  on  board  a 
fliip  under  fail  are  the  fame  as  if  the  ftiip  were  at 
anchor  ; except  fo  far  as  they  may  be  difturbed  by 
the  irregular  tolling  of  the  waves,  which  affeCts 
them  fucceffively,  as  much  in  one  direction  as 
another.  A fleet  of  fhips  carried  by  an  uniform 

* Space  being  in  its  own  nature  immoveable,  the  exprcfllon 
is  here  improper;  but  it  conveys  a clear  idea  of  the  propofi- 
tion  in  concife  terms,  though  we  can  form  no  idea  of  bodies 
included  in  a fpace  being  adted  upon  by  that  fpace.  The 
fpace  here  mentioned  is  merely  ideal,  maybe  called  relative, 
and  is  defined  to  be  a moveable  dimenfion. 
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current,  either  preferve  the  fame  relative  pofitions, 
or  approach  to,  or  recede  from,  each  other  in  the 
fame  manner  as  they  would  if  no  fuch  current 
exifted.  And  the  motions  of  bodies  at  the  furface 
of  the  earth  are  no  otherwife  affeded  by  its  revo- 
lution on  its  axis  than  as  the  revolution  is  not  rec- 
tilinear, the  effects  of  which,  though  confiderable, 
are  not  enough  fo  to  fall  under  common  obferva- 
tion. 

This  proportion  is  likewife  true,  if  the  motion  w 
of  the  fpace  be  uniformly  accelerated,  or,  which 
is  the  fame  thing,  if  all  the  bodies  be  conftantly 
a£ted  upon  by  parallel  forces  which  act  equally, 
according  to  their  maffes,  on  each  of  them. 

For  fuch  forces  will  caufe  all  the  bodies  to  move  x 
with  the  fame  acceleration,  and  to  defcribe  equal 
fpaces  in  the  fame  dire£tion  with  each  other.  They 
will  not  therefore  change  their  relative  motions  or 
fituations. 
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CHAP.  VII. 

OF  PENDULUMS. 

i 

y ^TpHE  bodies  Ipoken  of  in  die  prefent  chap- 
JL  ter  are  fuppofed  to  move  without  rotation, 
friction,  or  refiftance  from  the  air,  or  any  other  me- 
dium ; neither  are  the  magnitudes  of  the  bodies 
brought  into  confideration. 

It  has  already  been  fhewn  (65,  y),  that  the  force 
of  a body  to  defcend  along  an  inclined  plane  is  to 
the  whole  force  of  its  gravity  as  the  height  of  the 
z plane  to  its  length.  If  the  body  be  at  liberty  to 
defcend  on  the  plane,  the  firft  mentioned  force  will, 
by  its  conflant  and  equal  adtion  (27,  d)  produce 
an  uniform  acceleration. 

The  fpaces  defcribed  from  die  beginning  on  a 
given  inclined  plane  are  (29,  g)  as  the  fquares  of 
a the  times ; that  is  to  fay,  die  times  of  defcription 
of  inclined  planes  of  the  fame  inclination  are  as  the 
fquare  roots  of  their  lengths. 

3 The  final  velocities  (36,  h)  of  accelerated  mo- 
tions being  equal  when  the  forces  are  inverfely  as 
the  Ipaces  patted  through,  and  the  length  of  an  in- 
clined plane  being  to  its  height  in  this  fame  ratio 
of  the  forces,  by  which  a body  would  defcend  along 
the  plane,  or  fall  freely  through  its  height,  it  fol- 
c lows  that  the  final  velocity  acquired  by  a body  that 
defcends  along  fuch  a plane  is  equal  to  the  final 
velocity  it  would  acquire  by  falling  freely  through 
d its  height.  Hence  alfo  the  final  velocity  is  always 
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equal  when  a body  has  fallen  through  an  Inclined 
plane  of  a given  height,  whatever  may  be  its  length. 

The  times  of  acquiring  this  given  velocity,  or  of  i 
palling  over  the  whole  lengths,  will  be  inverfely  as 
the  forces  (35,  g)  ; that  is  to  fay,  dire&ly  as  the 
lengths  when  the  heights  are  equal  (65,  y). 

Bodies  that  defcend  from  a given  height  al-  f 
ways  acquire  the  lame  final  velocity,  whether 
they  defcend  along  a fingle  plane  or  many.  Let 
eg  (fig.  34.)  reprefent  an  horizontal,  and  ag  a 
perpendicular  line ; and  fuppofe  a body  to  de- 
fcend along  the  inclined  planes  a b,  b c,  c d,  d e ; 
continue  ab  to  f in  the  line  e g,  and  draw  the 
lines  bk,  ci,  d h,  parallel  to  the  horizon.  The 
body  after  palling  through  ab  and  bc  will  have 
acquired  a velocity  equal  to  the  velocity  it  would 
have  acquired  fimply  by  defcending  along  bc  or 
(80,  d)  along  bl,  added  to  the  velocity  it  had  at 
b : therefore  the  velocity  at  c,  after  palling  through 
the  planes  ab,  b c,  is  the  fame  as  would  have  been 
acquired  by  defcending  from  the  fame  height  a i 
through  a fingle  plane  a l.  The  fame  realoning 
may  be  extended  to  prove,  that  when  the  body  has 
arrived  at  d,  it  will  have  the  fame  velocity  as  it 
would  have  acquired  by  defcending  in  one  plane 
a m of  the  fame  height  a h : and  fo  forth  for  any 
number  of  planes  whatever. 

Since  the  planes  along  which  a body  may  pals, 
in  defcending  from  a given  height,  are  not  limited 
either  in  number  or  magnitude,  we  may  a {fume  them 
to  be  indefinitely  fmall,  and  indefinitely  numerous. 
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They  may  then  be  conceived  to  form  a curve,  ana 
c it  will  follow,  that  the  laft  acquired  velocity  of  ^ a 
body  that  defcends  by  a gravity  from  a given  height 
alono-  a furface  either  plane,  polygonal  or  curved, 
is  always  the  fame,  and  is  equal  to  that  velocity 
it  would  have  acquired  by  defending  from  the 
fame  height  by  the  a&ion  of  its  gravity  m free 


fpace.  . - 

H On  planes  of  the  fame  inclination  the  times  ot 

defcent  from  the  beginning  are  as  the  fquare  roots 
of  the  lengths  of  die  planes  (So,,  z.  29,  g). 

1 If  a body  defcend  along  any  number  of  inclined 
planes,  a b,  b c,  c d,  d e,  (fig.  34-)  and  another  body 
defcend  along  a like  number  of  planes,  n o,  o p,  i>  Qo 
(fig-  35-)  having  refpeftively  the  lame  incli- 
nation and  proportional  lengths,  namely,  * o to 
ab  as  op  to  bc,  and  as  PQ_to  c d,  &e.  then  the 
times  of  defcent  will  follow  the  fame  law  as  would 
have  obtained  if  each  had  palled  down  a fingle 

k plane  of  the  fame  inclination:  that  is  to  lay,  they 

will  be  as  the  fquare  roots  of  the  lengths  pailcd 
over.  For,  if  the  bodies  were  each  to  defcend  fin- 
ely along  any  two  correfpondent  planes  ab  and 
n o,  the  times  would  be  as  the  fquave  roois  of  thofe 
lengths  (8 2,  h)  : and  the  final  velocities  would  be 
in  the  fame  ratio  (29,  c).  The  fame  will  be  true 
of  the  planes  bc  and  op.  But  now,  iuppofe  each 
body  to  have  defeended  through  two  planes  ab, 
ec,'  and  no,  o p,  then  the  time  of  defcent  through 
b c will  be  lefs  than  it  would  have  been  in  pro- 
portion  as  the  velocity  it  has  at  b is  greater,  namely. 
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in  proportion  to  the  fquare  root  of  ab  (29,  c). 
And  in  like  manner  the  time  of  pailin^  fmgly 
through  o p will  be  diminifhed  in  proportion  to  the 
increafe  of  velocity  gained  at  o,  or  in  proportion 
to  the  fquare  root  of  no.  But  ab  is  to  bc  as 
no  to  op,  and  therefore  the  times  of  palling 
through  b c and  o p are  diminifhed  in  proportion 
to  their  magnitudes,  and  mull  continue  to  have  the 
fame  ratio  as  before.  Again,  fince  no  is  to  ab 
as  op  to  bc,  the  fum  of  no  and  op,  namely, 
n p,  will  be  to  the  fum  of  ab  and  b c,  namely, 
a c,  in  the  fame  ratio  ; and  the  fum  of  the  fquare 
roots  of  no  and  op,  namely,  the  fquare  root  of 
N p,  will  be  to  the  fum  of  the  fquare  roots  of  a b,  b c, 
namely,  the  fquare  root  of  a c,  as  the  fquare  roGt  of 
n o to  the  fquare  root  of  a b,  or  as  that  of  o p to  that 
of  b c.  And  fince  it  has  been  fhewn,  that  the  times 
of  pacing  over  the  planes  n o,  o p,  and  ab,  b c,  are 
relpedlively  proportional  to  the  fquare  roots  of  their 
lengths,  the  whole  times  mull  be  proportional  .to  the 
fquare  roots  of  their  fums,  or  whole  length,  which 
was  to  be  proved : and  the  fame  reafoning  will  apply 
to  any  number  of  planes. 

If  the  planes  be  indefinitely  Ihort  and  numerous,  l 
they  may  be  conceived  to  form  a curve,  and  a find- 
lar  alfemblage  of  planes  refpedtively,  in  proportion 
to  the  former,  will  form  a fimilar  curve.  The 
foregoing  arguments  will  then  prove,  that  bodies 
defeending  along  fimilar  curve  furfaces  deferibe 
them  in  times  which  are  as  the  fquare  roots  of  the 
lengths  of  the  curves. 
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If  a body  be  urged  towards  a given  point,  by  a 
force  which  is  proportional  to  the  diftance  of  the 
body  from  the  point,  it  will  always  arrive  at  the 
point  in  the  fame  time,  whatever  the  diftance  maybe. 
Let  i (fig.  36.)  be  the  point j and  fuppofe  two  bodies 
to  be  let  fall  from  any  two  points,  a and  r ; join 
a R,  a 1,  and  ri;  and  imagine  ai  to-  be  divided 
into  an  indefinitely  great  number  of  equal  parts, 
which,  confequently,  will  each  be  indefinitely  fmall. 
Through  each  point  of  divifion  in  a i,  imagine  the 
lines  b cl,  c p,  d 0,  &c.  to  be  drawn  parallel  to 
ar,  and  they  will  divide  the  diftance  ri  into  an 
equal  number  of  indefinitely  fmall  parts.  Any  two 
intervals,  ab  and  r cl,  will  be  in  proportion  to  the 
whole  lines  a i,  r i>  of  which  they  are  like  parts. 
Now,  the  force  may  be  efteemed  to  be  invariable 
or  conftant,  while  the  body  paflfes  over  the  interval 
a b,  becaufe  the  diftance  is  not  definitely  lefs,  dur- 
ing that  time:  and  the  fame  may  be  faid  of  the 
interval  r clj  that  is  to  fay,  the  foi  ces  being  as  the 
diftances  ai,  ri,  will  be  alio  as  the  intei vals  or 
Ipaccs  a b,  rcl,  palled  through  . and  the  times  of 
pafiing  thofe  intervals  will  be  equal  (35>  E)* 
the  fame  argument  the  fucceeding  intervals  b c, 
q^p,  would  have  been  palled  over  in  equal  times, 
if  the  motions  had  commenced  at  b and  cl  But 
in  the  prefent  cafe,  the  velocities  already  acquired 
in  b and  <L*re  (35,  e)  proportional  to  the  fpaces 
a b and  i a.,  and  confequently  are  fuch  as  would, 
without  any  other  a&ion,  carry  the  bodies  over  the 
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-jpaces  b c and  q^p,  in  equal  times.  It  is  therefore 
evident,  that  the  bodies  are  carried  over  the  fecond 
fpaces  b c and  q_p,  by  means  of  adlions  or  forces 
which  would  have  carried  them  refpedtively  through 
thofe  fpaces  in  the  fame  time,  increafed  by  acquired 
velocities  that  would  likewife  have  carried  them 
through  the  fame  in  equal  times.  The  acquired  velo- 
cities in  b a-nd  o^muft  therefore  fubdudt  equally 
from  the  times  in  which  b c and  q^p  would  have 
been  otherwife  defcribed,  and  die  remaining  or  ac- 
tual times  of  defcription  will  be  equal.  This  rea- 
foning  will  extend  to  prove,  that  all  the  odier  cor- 
refpondent  intervals,,  c d and  po,  de  and  o n.  See. 
are  refpeflively  paffed  over  in  equal  times;  or,  in 
other  words,  the  whole  lines  ai  and  r i will  be 
palled  over  in  equal  times  ; which  was  to  be  fhewn. 

If  a number  of  indefinitely  fhort  inclined  planes  n 
be  joined  together,  and  the  fine  of  the  inclination 
of  any  plane  to  the  horizon  {65,  z)  be  as  its  dif- 
tance  from  .the  lowed:  plane,  meafured  along  the 
planes,  the  tendency  of  a body  to  defeend  on  them 
will  be  as  its  diftance  thus  taken ; confequently 
(84,  m)  a body  will,  by  palfing  along  them  from  any 
diftance,  arrive  at  the  loweft  point  in  the  fame  time. 
The  line  in  which  the  defeent  is  made  may  be  con-  o 
ceived  to  be  a curve,  becaule  no  part  of  any  definite 
magnitude  lies  in  the  fame  right  line.  This  curve 
is  termed  a cycloid. 

Every  thing  that  has  been  proved  of  the  accele-  p 
rated  defeent  of  bodies  along  inclined  planes  will 
hold  good,  mutatis  mutandis  (31,  p),  when  bodies  are 
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retarded  in  their  afeent  along  the  fame,  or  congru- 
ous planes. 

q_  A pendulous  body  ofcillates  by  the  fame  laws  as 
it  would  move  on  an  inclined  lurface  of  the  fame 
figure  as  the  curve  it  deferibes.  For  the  reaftion 
of  the  firing  or  rod  is  exerted  againfl,  and  deftroys 
the  very  force  that  fuch  a plane  would  deflroy. 

r The  pendulums  of  clocks  ufually  vibrate  in  the 
arcs  of  circles.  It  has  formerly  been  thought  an 
advantage  to  make  them  vibrate  in  the  arcs  of 
cycloids  5 but  the  difficulties  that  attend  the  practi- 
cal application  are  fuch,  that  there  is  good  reafon  to 
think  that  they  produce  greater  errors  in  the  admea- 
surement of  time  than  thole  they  are  intended  to  re- 
medy*. For  this  reafon,  we  Shall  here  only  explain 
die  properties  of  bodies  vibrating  in  circular  arcs. 

s Let  b (fig.  37)  be  a body  pendulous  from  a,  and 
moveable  in  the  arc  bfe,  whofe  lowed:  point  is  f: 
draw  the  line  afc,  on  which  from  b let  fall  the 
perpendicular  bd,  This  lafb  line  b d will  be  hori- 
zontal. From  c draw  bc  at  right  angles  to  ae, 
and  confequently  touching  the  arc  efe.  The  body 
at  b will  then  be  urged  towards  f by  its  gravity  in 
the  fame  manner  as  if  it  relied  on  an  inclined  plane 
b c,  making  the  angle  dec  with  the  horizon.  Which ' 
angle,  by  reafon  of  the  fimilarity  of  the  triangles 

D b c,  dab,  is  equal  to  the  angle  dab,  or  the  in- 

* • • • • * 

* The  excellent  Huyghens  has  explained  the  vibrations  of 
pendulous  bodies  in  his  Treatife  de  Horologio  Ofcillatorio ; 
tmd  the  fame  thing  is  performed  more  generally  in  the  Pfiti- 
cipia  I.  § jo. 
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dination  of  the  pendulum-rod  or  firing  with  the 
perpendicular.  But  the  force  at  b is  as  the  fine  of 
this  angle  (65,  z).  Now,  in  very  final  1 angles, 
the  fines,  and  confequently  the  forces,  are  nearly 
proportional  to  the  fubtending  arcs  to  be  paffed 
over:  therefore,  (85,  n)  all  the  circular  vibrations  t 
of  the  fame  pendulum  are  nearly  equal  when  the 
arcs  of  vibration  are  fmall. 

But,  in  fad,  becaufe  the  arcs  increafe  filler  than  u 
the  fines,  the  lefs  vibrations  of  the  fame  pendulum 
are  performed  in  lefs  times. 

The  times  of  the  vibrations  of  pendulums  that  v 
.deferibe  fimilar  arcs  of  circles,  or,  which  is  in  fad, 
the  fame,  have  equal  angles  of  vibration,  are  (83,  l) 
as  the  fquare  roots  of  the  lengths  of  the  arcs  : and, 
becaufe  the  fimilar  arcs  are  as  the  radii  they  are 
deferibed  with,  the  times  will  be  as  the  fquare  roots  w 
•of  the  lengths  of  the  pendulums.  This  proposition  x 
may  be  affirmed  likewile  of  all  angles  of  vibration 
(87,  t)  when  they  are  fmall. 

Thus  fir,  in  our  reafoning,  we  have  fuppofed  the  y 
•force  of  gravity  to  be  invariable  in  a given  body ; 
but  if  it  be  fuppofed  to  vary,  its  effeds  will  vary  in 
the  fame  ratio  (35,  d,  e)  ; and  the  lengths  of  fimilar 
arcs  deferibed  by  a pendulous  body  in  equal  times 
will  be  diredly  as  the  forces  of  gravitation  that 
•urge  them.  Now,  the  lengths  of  the  arcs  are  as 
their  radii,  that  is  to  fay,  the  lengths  of  pendulums, 
vibrating  through  fmall  arcs  (87,  x)  and  meafuring 
equal  times,  are  as  the  gravitating  forces. 
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z If  the  ball  b (fig.  37.)  of  a pendulum  were  let 
go  from  any  point  remote  from  the  lowed;  point  f, 
it  would  defcend  to  f with  an  accelerated  motion 
through  the  arc  b f,  and  if  its  motion  were  without 
all  refiltance  or  impediment,  it  would,  by  a retarded 
motion  precifely  fimilar  to  its  former  acceleration, 
afcend  through  an  arc  fe,  equal  to  bf.  From 
the  point  e it  would  again  defcend  by  acceleration 
to  f,  and  again  rife  to  e by  pafiing  through  the  arc 
f b in  the  fame  manner  as  it  before  afcended  through 
the  arc  f e : the  ofcillation  would  thus  continue  for 
ever,  the  angles  and  the  times  of  ail  the  vibration 
being  equal.  But  this  cannot  be;  for  there  is  no 
avoiding  a certain  degree  of  friction  at  a,  and  the 
ball  b ftriking,  and  giving  motion  to  the  parts  of 
the  air  oppofed  to  its  courfie,  muff  itfelf  lofe  as  much 
motion  as  it  communicates,  (22,  r)  by  which  means 
the  motion  mud  continually  decay,  and  at  lafi: 
become  infenfible. 

a The  pendulums  of  clocks  are  maintained  in  their 
motion  by  the  abtion  of  the  wheels,  which  are  driven 
round  by  means  of  a weight  or  fpring.  Let  egf 
(fig.  38.)  reprefent  the  fwing- wheel  of  a clock  that  is 
urged  to  revolve  in  the  direction  e g f ; let  c and  d re- 
prefent  the  pallets  moveable  on  an  axis  at  a,  and  fo 
connected  with  the  pendulum  ab,  that  they  are 
made  to  vibrate  along  with  it.  Suppofe  the  ball 
to  vibrate  from  r to  b,  one  of  the  teeth  of  the 
wheel  reding  againft  the  pallet  c,  whofe  figure  may 
be  feen  enlarged  at  ike.  When  the  pendulum* 
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returns  towards  cl,  the  pallet  c is  drawn  out,  the 
wheel  preffing  firft  along  the  plane  1 k,  and  after- 
wards  on  the  inclined  plane  kl;  by  its  adtion 
on  which  laft,  it  putties  the  pallet,  or  alfifts  its  mo- 
tion, till  at  length  the  tooth  flips  off  the  point  l. 
During  this  time  the  pallet  d,  whofe  figure  is  feen  at 
p n o,  is  carried  in  between  the  teeth  on  the  other 
fide  of  the  wheel ; that  when  the  wheel  efcapes  the 
pallet  c,  another  tooth  drops  on  the  plane  n p of  the 
pallet  d.  The  returning  vibration  again  draws  out 
the  pallet  d,  the  tooth  of  the  wheel  aflifting  its 
motion  by  preffing  along  the  inclined  plane  n o 
till  it  efcapes  at  o.  At  this  inftant  the  pallet  c has 
acquired  its  original  fituation,  and  therefore  receives 
the  adj  acent  tooth : and  the  whole  proceeds  as  be- 
fore. This  is  a very  Ample  and  good  efcapement. 

It  is  called  the  dead-beat  efcapement,  becaufe  the 
fecond  hand  in  clocks  of  this  conftrudtion  falls  with 
a dead  ftroke  on  the  divifion  line  of  the  dial,  and 
does  not  recoil,  but  remains  motionlefs  during  that 
part  of  the  vibration  in  which  the  tooth  of  the  crown- 
wheel refts  on  the  plane  1 k,  or  p n of  the  pallet. 

If  the  refiftances  anfing  from  the  fridtion  at  the  b 
moving  parts,  and  from  the  motion  communicated 
to  the  air,  were  always  the  fame,  and  the  clock 
were  urged  by  a weight,  the  adtion  of  the  fwing- 
wheel  on  the  pallets  would  be  always  the  lame  at 
a given  place,  in  confequence  of  which,  the  fi- 
gure of  all  the  parts  being  fuppofed  invariable, 
the  arc  of  vibration  would  be  confiantly  of  the 
fame  magnitude,  namely,  fuch  as,  that  the  mo- 
tion 
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tion  loft  by  the  refiftances  oppofed  to  the  pen- 
dulum fhould  be  accurately  equal  to  the  motion 
communicated  by  the  pallets,  and  the  times  would 
be  equal ; that  is  to  lay,  the  clock  would  be  per- 
fect, and  would  meafure  time  accurately.  But 
thefe  conditions  are  not  eafily  obtained.  It  is  not 
found,  that  the  variation  in  the  reflftance  of  the 
air,  arifing  from  its  changes  of  denfity,  occafions 
any  fenfible  irregularity  in  clocks.  The  moft  con- 
fiderable  irregularities  in  the  movement  arife  from 
the  tenacity  of  the  oil  applied  to  the  moving  parts. 
For  the  oil  is  lefs  fluid  in  cold  than  in  hot  wea- 
ther; and  when  it  is  lefs  fluid,  a greater  quantity 
of  the  maintaining  power  muft  be  loft  in  over- 
coming its  rigidity : whence  it  muft  happen,  that 
the  teeth  of  the  crown-wheel  will  in  that  cafe  aft 
lefs  forcibly  on  the  pallets,  and  the  vibration  will  be 
lefs.  If  the  pendulum  be  fufpended  on  an  axis, 
this  caufe,  together  with  the  eonftant  wear,  is  very 
noxious  ; but  this  defedt  is  remedied  by  fufpend- 
ing  it  by  a ftrait  flexible  fpring.  And  in  addition 
to  this,  there  have  not  yet  been  found  any  materials 
which  do  not  expand  by  heat.  The  pendulum-rod 
therefore  is  longer  in  hot  than  cold  weather,  and 
the  clock  confequently  goes  flower  (87,  w). 

It  has  not  been  determined  from  experiment  and 
obfervation,  how  far  thefe  caufes  refpe&ively  affeft 
the  regularity  of  the  clock’s  going.  There  are 
many  good  inventions  for  obviating  their  effedts. 

The  irregular  action  of  the  maintaining  power, 
in  confequence  o(  its  giving  motion  to  die  whole 
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train  of  wheels,  is  rendered  of  no  confequence  by- 
means  of  the  elcapements,  which  are  called  detached 
or  free  efcapements.  For  in  thefe  the  impetus  of 
the  fwing-wheel  is  not  fuffered  to  a£t  on  the  pen- 
dulum, but  is  employed  in  raifing  a fmall  weight  in 
each  vibration,  which,  by  its  fall,  always  gives  the 
fame  impulfe  to  the  pendulum. 

The  expanfion  or  contraction  of  deal- wood  length-  e 
ways,  by  change  of  temperature,  is  fo  fmall,  that 
it  is  found  to  make  very  good  pendulum-rods. 
The  wood  called  fapadillo  is  faid  to  be  ftill  better. 
There  is  realon  to  believe,  that  the  previous  baking, 
varnifhing,  gilding,  or  foaking,  of  thefe  woods  in 
any  melted  matter,  only  tends  to  impair  the  property 
that  renders  them  valuable.  They  fhould  be  limply 
rubbed  on  the  outfide  with  wax  and  a cloth.  In 
pendulums  of  this  conftruCtion  the  error  is  greatly 
diminifhed,  but  not  taken  away : but  there  are  a 
confiderable  number  of  ingenious  contrivances  for 
entirely  removing  it. 

The  combination  of  metallic  bars  in  the  gridiron  f 
pendulum  feems  to  be  the  moft  fimple  and  effec- 
tual contrivance  for  this  purpofe,  and  is  therefore 
the  only  one  we  fhall  here  defcribe.  From  the  point 
of  fulpenfion  a (fig.  39.)  proceeds  a fmall  flexible 
fpring,  by  the  alternate  flexure  of  which  the  vibra- 
tion is  allowed  to  be  made.  The  lower  part  of 
the  fpring  is  fixed  to  the  frame  b c,  out  of  which 
proceed  five  equal  cylindrical  bars  of  metal.  The 
two  outer  bars  are  fteel,  as  is  likewife  the  middle 
bar  :•  the  other  two  are  a compofition  of  zink  and 
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filver.  The  two  outer  bars  are  faflened  in  the 
piece  bc  by  means  of  pins,  but  the  three  inner 
ones  pafs  loofely  into  holes  in  the  fame  piece,  with- 
out being  faflened  at  all.  The  three  inner  bars 
pafs  through  a piece  d e,  near  their  upper  ends,  in 
which  they  are  all  faflened  by  pins.  At  the  lower 
extremities  of  the  bars  is  another  crofs  piece  f g,  in 
which  all  the  bars  are  faflened  by  pins,  except  the 
middle  bar  that  paffes  freely  through,  and  carries 
the  ball  or  lens  h. 

The  confideration  on  which  this  conflrudlion 
depends  is,  that  a given  increafe  of  temperature 
will  caufe  the  bars  of  zink  and  filver  to  expand 
about  twice  as  much  in  their  linear  dimenfions  as 
the  bars  of  fleel.  To  fimplifv  our  explanation,  let 
us  attend  only  to  the  ball  h,  without  regarding 
the  weight  of  the  other  parts.  It  will  then  only  be 
required,  that  die  diftance  between  a and  the  ball 
h fhould  continue  unaltered  in  every  change  of 
temperature,  which  is  accomplifhed  thus.  Imagine 
the  outer  bars  of  fleel  to  expand  by  heat,  and  they 
will  fuffer  the  frame  fg  to  defcend ; the  middle 
lleel-bar  will  likewile  expand  in  the  fame  ratio  of 
its  length ; and  the  ball  h would  confequently 
be  removed  farther  from  the  point  of  fufpenfion  a 
if  no  other  parts  of  the  apparatus  was  affefled  by 
the  heat  : but  the  fame  heat  expands  the  bars  of 
zink  and  filver  much  more  in  proportion  to  their 
lengths,  and  therefore  the  adjuftment  may  be  fo 
made  as  that  the  expanfion  of  thefe  fhorter  hars 
may  be  equal  to  that  of  the  longer  ones  of  fleel ; 
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that  is  to  fay,  the  expanfion  of  thefe  two  bars  may 
be  fuch  as  to  remove  the  crofs  piece  d e farther  from 
f G}  fo  as  to  raife  the  ball  h upwards  through  a fpace 
cxattly  equal  to  the  quantity  of  the  expanfion  of  the 
central,  and  the  two  outer  bars.  Whence  the  ball 
h will  always  be  kept  at  the  fame  diftance  from  a. 

It  may  be  obferved,  that  the  two  outer  fteel-bars  a 
anfwer  the  purpofe  of  a Angle  bar  with  regard  to 
the  expanfion,  as  do  likewife  the  two  next  adjacent 
to  the  middle  bar.  Thefe  bars,  namely,  two  of 
fteel  and  one  of  zink  and  filver,  would  have  been 
fufficient  in  theory,  but  the  neceftity  of  binding 
them  together  in  that  cafe  produces  a degree  of 
fridtion  of  the  parts  that  is,  not  without  reafon, 
thought  to  have  a bad  effedt,  by  caufing  the  adtion 
to  take  place  by  ftarts.  The  adjuftment  of  the  con- 
trary expanfions  is  made  by  pinning  the  piece  d e 
at  the  various  diftances  from  f g,  by  which  means 
•he  ratio  of  the  length  of  fteel  to  that  of  the  zink 
and  filver  may  be  altered  in  any  convenient  degree: 
and  this  adjuftment  being  made  from  adtual  obfer- 
t'arion  of  the  clock’s  going,  it  is  evident,  that  no 
pradticai  inconvenience  can  refult  from  our  gratui- 
tous fuppofition  of  all  the  parts,  except  h,  being 
without  weight, 
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OF  THE  MOTION  OF  A BODY,  WHICH  IS  ACTED 
UPON  BY  A CENTRIPETAL  FORCE. 

3 IF  a body  at  a (fig.  40.)  be  carried  with  an 
JL  uniform  diredt  motion  in  a given  line  a e,  and 
rays  be  drawn  from  the  equidiftant  points  a,  b,  c, 
d,  e,  to  any  point  l,  without  the  line  a k,  the  areas 
alb,  blc,  cld,  dle,  &c.  will  be  equal  to  each 
other  *. 

k And  thefe  areas  which  are  defcribed  in  equal 
times,  will  not  be  altered  by  any  centripetal  force 
a&ing  on  the  body  a,  and  impelling  it  towards  l. 
For, 

L Suppofe  the  body  a to  deferibe  the  equal  fpaces 
ab,  bc,  ci),  and  confequently  with  refpeft  to  the 
point  l,  the  equal  areas  alb,  blc,  cld,  in  equal 
times.  Let  a centripetal  force  be  impreffed  at  d, 
which  fingly  would  caufe  it  to  deferibe  the  fpace 
d d in  the  fame  time  as  d e,  which  is  equal  to  d c, 
&c.  Complete  the  parallelogram  DdeE,  and 
(23,  s)  at  the  end  of  the  time  the  body  will  be  found 
at  e;  having  defcribed  the  diagonal  De.  The  tri- 
angle DeL  will  then  be  equal  to  del,  becaufe 

» s 

* This  rcafoning  depends  on'  that  well-known  proportion 
(Euclid  I.  38.)  that  triangles  conftituted  upon  equal  bafes, 
and  between  the  fame  parallels  are  equal  to  one  another. 


I 


both 


REVOLVING  BODIES. 


95 

both  Hand  on  the  fame  bafe  d l,  and  between  the 
parallels  d l and  e e.  Continue  e f equal  to  d e, 
and  the  area  e f l will  be  equal  to  DeL,  for  the 
fame  reafonj  eF  reprefenting  the  fpace  which  would 
be  defer i bed  in  the  fame  time  as  d e,  if  no  new 
impulfe  were  given  at  e.  Let  a force  e m be  im- 
prefled  at  e,  and  by  the  fame  procefs  it  is  proved, 
that  e f l is  equal  to  e f l . The  like  may  be  proved 
of  the  triangles  f g l,  g h l,  &c. 

Since  therefore  any  fingle  impulfe  can  only  alter  m 
the  velocity  and  direftion,  but  never  [affedt  the 
area  deferibed,  it  is  plain  that  any  number  of  fuc- 
ceffive  impulfes  will  likewife  have  no  effedt  in  al- 
tering the  area.  Suppofe  the  number  of  impulfes 
to  be  infinite,  or,  in  other  words,  let  a force 
dire&ed  to  the  center  a£t  continually  on  the  body, 
and  a polygon  with  an  infinite  number  of  fides, 
that  is  to  fay,  a curve,  will  be  deferibed,  whofe 
radius  accompanying  the  moving  body,  will  de- 
feribe  or  fweep  over  equal  areas  in  equal  times. 

And  converfely,  if  a body  revolve  about  a point,  x 
lo  as  to  deferibe  a curve,  whofe  radius  accompany- 
ing the  body,  lhall  fweep  over  equal  areas  in  equal 
times,  the  centripetal  force  which  deflefts  the  mo- 
tion from  a right  line,  mult  be  directed  to  that 
point. 

But  no  inftance  of  a centripetal  force  directed  to  o 
an  immoveable  point  is  found  in  nature.  Bodies 
attract  one  another,  and  that  mutually,  There- 
fore, 
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fore,  if  one  body  revolves  about  another,  this  laff 
wil/ not  remain  at  reft,  bur  will  revolve  in  a *fi- 
milar  curve  about  the  common  center  of  gravity, 
as  will  alfo  the  firft  body.  That  is  to  fay,  if  the 
center  of  gravity  be  at  reft,  the  two  bodies  will  ab- 
folutely  move  in  fimilar  curves  about  that  center, 
and  relatively  about  each  other  in  curves  fimilai 
to  thofe  laft  mentioned. 


p 'j'hefe  motions  will  not  be  altered,  if  the  centei’ 
of  gravity  be  fuppoled  in  motion  (78,  t.  79,  w). 

0^  Therefore,  when  we  fpeak  of  the  orbits  and  pe- 
riodical revolutions  of  bodies,  we  may  in  general- 
regard  one  of  the  bodies  as  ftationary,  and  the 

other  as  revolving  round  it. 
r If  a body  revolve  round  a center  in  an  orbit 
which  is  not  circular,  it  is  plain,  that  to  defcribe 
equal  areas  in  equal  times,  it  muft  move  fwifter 
when  near  the  center  than  when  more  diftant  ; and 
it  is  likewife  evident,  that  when  the  velocity,  and 


confequently  the  tendency  to  fly  off  in  a tangent 
.is  increafed,  a greater  centripetal  force  will  be  re- 
quired to  retain  it  in  its  orbit. 

<<  From  the  properties  of  the  ellipfts  it  is  demon- 
ftrated,  that  a body  revolving  in  that  curve,  whofc 
centripetal  force  tends  to  one  of  its  foci,  muft  in 
any  part  of  its  orbit  be  attracted  towards  that  focus* 
by  a force  which  is  reciprocally  as  the  fquare  of  its 

diftance  t* 
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A very  complete  and  clear  idea  of  the  effipfis 
may  be  had  from  the  common  way  of  cFefcribing 
it;  if  a thread  cac  (fig.  41.)  be  fattened  by  its 
ends  at  the  points  c c,  and  a pointed  inftriiment  be 
inferred  in  the  bight  or  bend  at  a,  and  moved  to- 
wards b or  e,  keeping  the  thread  at  full  ftretch,  it 
will  in  one  revolution  defcribe  the  ellipfis  abde. 
cc  are  called  the  foci. 

To  illuttrate  this  dodrine  of  revolving  bodies, 
we  may  obferve,  that  as  gravity  conftantly  ads  on 
dll  bodies-  in  the  vicinity  of  the  earth,  attrading 
them  towards  its  center,  every  projedile,  which 
is  not  thrown  in  the  line  of  the  perpendicular,  may 
be  confidered  as  a body  revolving  about  that  cen- 
ter; and  if  its  orbit  be  not  Efficiently  large  to-  con- 
tain or  circumfcribe  the  body  of  the  earth,  it  will 
be  interrupted  in  its  courfe,  and  remain  at  reft 
fomewhere  on  the  furface.  Thus  let  abe  (fig.  42.) 
reprefent  the  earth,  whofe  center  is  at  c ; then  if 
a body  be  projeded  from  a in  the  diredion  a f,  it 
will,  by  the  adion  of  the  centripetal  force,  be  de- 
fleded  into  the  curve  a g b,  and  will  remain  at  reft 
at  b,  being  prevented  from  defcribing  the  whole 
orbit  A c b d a,  by  the  body  of  the  earth,  which  in- 
terrupts its  courfe  at  B;  But  the  part  agb  of  the 
elliptical  orbit  of  a projedile  is  f©  final!,-  in  corn- 
parifon  to  that  part  which  is  not  defcribcd,  that  it 
may  without  any  fenfible  error  be  confidered  as  a 
parabola,  except  fo  far  as  the  refiftance  of  the  air, 
which  is  not  here  regarded,  makes  it  fall  fhort  of 

by  deftroying  part  of  its  motion. 

Vol.  I.  H The 


'PROJECTILES. 

v The  orbit  agbda,  of  which  the  parabola  is 
part,  would  have  been  defcribed  upon  the  fuppo- 
fition,  that  the  attraction  towards  the  center  con- 
tinues to  obferve  the  fame  law  within  as  without 
the  fphere.  But  this  fuppofition,  however,  is  not 
truej  for  a fphere  of  uniform  derifity,  compofed 
of  particles  which  attraft  each  other  with  forces  re- 
ciprocally as  the  fquares  of  their  diftances,  will  at- 
tract bodies  without  its  furface  according  to  the 
fame  law ; relation  being  had  to  its  center.  But 
the  centripetal  forces  of  bodies  placed  within  the 
fphere,  will  be  direCtly  as  their  diftances  from  the 
center  *. 

w Let  the  circle  bcdg  (fig.  43.)  reprefent  the 
earth.  From  the  top  of  the  mountain  a,  let  a 
body  be  projected  in  the  horizontal  direction  a f, 
with  a force  that  will  carry  it  to  b on  die  furface. 
Imagine  it  to  be  projected  in  the  fame  direction 
with  a {till  greater  force,  and  it  will  be  carried 
to  c.  A ftill  greater  increafe  of  force  will  carry 
it  to  d.  And  a yet  greater  augmentation  will 
carry  it  round  the  earth  to  a,  where  it  will  pro- 
ceed with  a velocity  equal  to  that  with  which  it 
was  firft  projected,  and  by  confequence,  the  re- 
fiftance  of  the  air  being  difregarded,  will  revolve 
in  that  orbit  for  ever.  But  if  the  projeCtile  force 
be  ftill  more  increafed,  it  will  defcribe  the  ellipfis 
a b a with  an  unequable  motion ; flower  at  b and 
fwifcer  at  a,  and  continue  to  revolve  for  ever  in 
that  orbit. 

A 
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If  gravity  a£ts  in  the  diftant  fpaces  of  the  heavens  x 
inverfely  according  to  the  fquares  of  the.  diftances, 
it  will  be  eafy  to  apply  this  to  the  motions  of  the 
celeftial  bodies.  We  fliall  again  refume  this  fub- 
je£t ; but  in  the  mean  time  it  is  neceffary,  that  the 
appearances  fhould  firft  be  defcribed  before  an  ex- 
planation of  them  can  be  given. 
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C H A P.  I. 

CONCERNING  THE  SYSTEM  OF  THE  UNIVERSE, 

y rj^HERE  are  two  methods  by  which  know-* 
JL  ledge  may  be  acquired  and  announced ; 
namely,  by  analyfis,  or  by  fynthefis.  In  the  me- 
thod of  analyfis  the  procefs  is  made  from  things 
that  are  compounded  to  things  that  are  more 
fimple.  Caufes,  or  firft  principles,  are  inveftigated 
by  attending  to,  and  examining  their  effefts.  But 
in  the  method  of  fynthefis  the  procefs  is  diredly 
the  contraiy ; for  here  the  caufesr  or  firft  prin- 
ciples, being  known  or  affumed,  are  made  by 
eompofition  or  combination  to  account  for  their 
effe&s.  It  is  very  manifeft,  that  in  the  acquifition 
of  philofophical  knowledge  the  former  method 
muft  be  firft  made  ufe  of.  We  fee  no  fimple 
events  in  nature,  and  we  cannot  come  at  caufes 
but  by  analyfing  the  effedts  we  behold.  Thus 

it 
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it  is  that  firil  principles  are  obtained,  which  may 
afterwards  be  extended  by  fynthefis,  to  account  for 
other  phenomena  in  a more  univerfal  manner. 
Generally  fpeaking,  the  analyfis  appears  beft  adapt- 
ed for  acquiring  knowledge,  while  the  fynthetical 
method  is  more  convenient  and  concife  for  com- 
municating it,  when  known. 

In  the  communication  of  the  knowledge  that  re-  z 
lates  to  the  heavenly  bodies,  and  is  termed  aftro- 
nomy,  we  might  a flu  me  as  eftablifhed  firft  prin- 
ciples every  thing  which  refpedts  their  mutual  po- 
fitions  and  motions  abfolutely  confidered,  and  from 
thence  deduce  fyntlietically  the  phenomena  that 
would  appear  to  a fpedrator  placed  on  the  earth 
or  elfewhere.  Or  we  might  ftill  more  generally, 
from  the  laws  of  motion  afliimed  as  firfl:  principles, 
■deduce  the  confequences  that  would  arife  from  the 
motions  of  bodies  in  circumftanees  fuch  as  the 
heavenly  bodies  are  known  to  be  placed  in.  By 
thefe  methods  the  fcience  would  be  moil  expedi- 
•tioufly  taught,  and  even  fuppofing  the  firfl  prin- 
ciples to  be  merely  aflumed  at  hazard,  or  gratui- 
toufly,  yet  their  conftant  agreement  with  the  events 
that  happen  in  nature  might  furnifh  no  inconfider- 
able  prefumption  of  their  truth.  However,  it  is 
clear,  that  the  knowledge  on  which  the  fynthetical 
reafoning  is  built,  muft  be  either  afliimed  gratui- 
toufly,  or  obtained  by  analyfis.  It  is’ not  eafy,  nay, 
it  is  perhaps  impoflible,  to  form  any  conception 
how  a finite  intelligence  can,  to  any  advantage, 
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make  ufe  of  firft  principles  taken  without  a pre- 
vious ufe  of  the  analytical  method  of  deduction. 
Yet  the  whole  hiftory  of  natural  philofophy  affords 
numberlefs  inftances  of  men  of  real  abilities  who 
have  indulged  their  vanity  and  indolence  in  de- 
ducing confequences  from  principles  entirely  hy- 
pothetical, and  often  faife.  Far  from  wifhing  to 
imitate  thefe,  we  fliall  not  affume,  even  eflablifhed 
truths,  without  giving  their  proofs  where  they  can 
be  explained  with  that  facility  that  out  intention 
demands.  Inftead,  therefore,  of  deducing  the  ap- 
parent phenomena  from  the  real  motions  of  the 
heavenly  bodies,  it  is  prefumed  that  it  will  be 
much  more  inferefting,  though  rather  more  prolix, 
to  note  the  obvious  appearances,  and  thence  infer 
their  caufes.  Thefe  inferences  have  been  the  con- 
fequence  of  the  obfervation  and  ftudy  of  feveral 
of  the  mod:  diftinguiffied  men  of  genius  in  the 
courfe  of  many  ages.  The  truth  has  been  acquired 
by  flow  degrees,  and  indirect  methods.  It  h^s 
often  been  obfcured  by  the  admixture  of  error. 
Its  progrefs  has  been  retarded  by  the  operation  of 
prejudice,  and  the  pride  of  falle  fcience  has  with 
difficulty  given  way  to  its  force.  When  difcove- 
ries  are  completed,  it  is  eafy  to  trace  the  moft  di- 
red  fteps  by  which  they  might  have  been  made, 
though  it  has  fcarcely  ever  happened  that  the  dis- 
coverers proceeded  by  thofe  fteps.  Let  us  there- 
fore pafs  over  in  filence  the  various  and  intricate 
fchemes  made  ufe  of  to  folve  the  celeftial  ap- 
pearance^ 
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pearances  before  the  ancient  fyftem  of  the  world 
was  revived  by  Copernicus  *,  and  fince  eftablifhed 
for  ever  by  the  immortal  Newton.  Let  us  ima- 
gine ourfelves  in  the  open  air  bufied  in  the  con- 
templation of  the  phenomena  that  occur  in  the  hea- 
vens, and  while  we  note  the  faCts,  and  make  plain 
deductions  from  them,  we  fhall  be  infenfibly  led 
to  the  knowledge  of  that  beautiful  regularity  and 
order  that  prevail  through  the  immenfe  regions  of 
fpace,  and  evince  the  intelligence  and  power  of  the 
incomprehenfible  Firft  Caufe. 

The  firft  and  moft  obvious  phenomenon  that  a 
prefents  itfelf  to  obfervation,  is  the  apparent  diur- 
nal motion  of  the  heavens,  by  which  the  fun, 
moon,  and  ftars  are  feen  to  rife  and  fet,  This 
motion  is  obferved  to  be  fubjeft  to  feeming  irregu- 
larities. If  its  period  be  eftimated  from  fun-rife  to 
fun-rife,  a little  time  evinces,  that  the  fun  does  not 
always  rife  at  the  fame  point,  nor  remain  above 
the  horizon  fo  long  in  winter  as  in  fummer.  The 
moon  is  ftill  lefs  adapted  to  the  purpofe  of  deter- 
mining this  period,  its  variations  being  in  every 
refpeCt  more  confpicuous.  The  ftars  remain,  which 
appear  indeed  to  rife  and  fet  regularly,  but  yet  in 
a period  fhorter  than  the  natural  day  j for  thofe 

* A.  D.  1543,  the  year  of  his  death.  After  fupprefling  his 
book,  “ de  Revolutionibus  orbium  celeftium,”  for  more  than 
thirty-fix  years,  it  was  at  length  publifhed,  and  a copy 
brought  him  a few  hours  before  his  death.  Gaflendus  in 
vita  Copernici.  See  alfo  Sir  John  Pringle’s  elegant  “ Dif« 
COurfe  on  the  Attraction  of  Mountains. ” 
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ii,us}  which  at  a certain  time  of  the  year  are  feea 
to  rife  at  midnight,  are  found  to  make  their  ap- 
pearance early  in  the  evening,  after  the  fpace  of 
three  months  is  elapfed.  It  is  therefore  to  be  de- 
termined,  wnich  of  thole  motions  ought  to  be  re- 
gdi  ded  as  die  motion  of  the  heavens  -3  and  it  is 
fnucli  more  obvious  and  intelligible,  to  fuppofe, 
that  the  fun,  by  a reiadve  motion  to  the  ealhvard 
'with  refped-  to  the  fixed  liars,  Ihould  make  the 
days  fomewhat  longer  than  the  real  time  of  a re- 
volution, than  that  all  the  liars,  while  they  pre- 
ferve  their  mutual  dillances  unaltered,  fnould  con- 
Handy  move  with  a velocity  greater  than  that  of 
the  heavens.  Jo  determine  this  relative  path  of 
the  fun  is  not  difficult.  By  the  lliadow  of  a per- 
pendicular ilaff  or  other  equivalent  inllrument  at 
imd-day,  its  varying  declination  towards  the  north 
or  fouth  may  be  known,  and  the  advance  in  the 
rifing  or  the  liars  will  mark  its  difference  in 
right  afcenfion.  By  this,  or  fome  fach  method. 

It  may  be  difeoyered,  that  while  the  fixed  liars 
rife  and  fet,  each  on  its  proper  points  of  bearing 
or  pofition,  without  varying  their  relative  fixa- 
tions ; the  fun,  by  deferibing  annually  a circle  to- 
wards the  eaft,  inclined  to  the  direction  of  its 
daily  courfe  in  an  angle  o f 23i  * degrees,  mull 

occafion  all  the  difference  of  feafons,  length  of 
days,  &c.  ‘ ‘ ' ! • • 


* ,EVCry  arde  “ fup P°fcd  t0  be  Chided  into  360  parts 
Which  are  called  degrees.  ‘ • 3 p ■ 
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In  noting  thefe  appearances,  it  is  natural  to  feledt  £ 
die  brighteft  ftars  as  objedts  of  our  attention.  The 
planetary  bodies  will  on  this  account  be  the  early 
pbjefts  of  our  notice.  The  planet  Venus  efpeci- 
ally,  receding  from  the  fun  to  the  eaftward,  will 
appear  as  an  evening  ftar  in  the  weft  after  funfet ; 
and  afterwards  will  difappear  on  its  re-approach  to 
jt,  and  be  feen  at  a nearly  equal  diftance  to  the 
we  ft  ward,  and  riling  before  the  fun,  become  a 
morning  ftar.  The  fiownefs  of  its  apgarent  motion 
near  its  greateft  elongation  or  angular  diftance  from 
the  fun,  evinces  that  it  is  moved  in  an  orbit,  near 
the  center  of  which  the  fun  is  placed ; and  the  fhort 
time  employed  in  pafting  from  its  greateft  elonga- 
tion eaftward  to  its  greateft  elongation  weftward, 
when  compared  with  the  time  of  its  courfe  between 
the  fame  elongations  in  the  contrary  direction,  fhews 
that  its  revolution  is  made  from  weft  to  eaft. 
The  proportion  between  its  diftance  from  the  fun, 
and  that  of  the  fun  from  the  earth,  may  be  found 
from  the  quantity  of  its  greateft  elongation. 

To  illuftrate  this,  let  s (fig.  44.)  reprefent  the  c 
fun,  e the  earth,  imkn  the  orbit  of  Venus,  csd 
part  of  the  ecliptic,  or  fun’s  apparent  annual  path 
in  the  heavens.  Then  to  a fpedtator  at  e,  fituated 
nearly  in  the  plane  of  the  planet’s  orbit,  the  planet 
when  at  b will  be  referred  to  the  point  b in  the 
ecliptic  ; and  when  by  its  abfolute  motion  in  its 
orbit,  it  has  defcribed  the  arc  bu,  it  will  appear 
to  have  defcribed  the  arc  bp.  When  at  u,  it  will 
appear  ftationary  at  d,  and  after  a little  time  begin 

to 
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to  move  back  from  d to  b : for  after  defcribing 
the  arc  u j,  it  will  again  be  feen  at  b.  Continuing 
its  courfe,  it  will  arrive  at  v,  having  apparently 
palfed  through  the  arc  be.  At  v it  will  again 
become  ftationary  and  afterwards  move  to  g,  f,  a, 
&c.  which  will  be  reprefented  by  their  correlpond- 
ing  points  in  the  ecliptic.  Now,  fince  the  motion, 
as  feen  from  the  earth,  is  that  which  appears  in  the 
ecliptic,  and  fince  the  apparent  motion  from  b to 
p may  as  well  be  produced  by  a real  motion  from  j 
to  u as  by  one  from  b to  u,  it  remains  to  be  determin-r 
ed  in  what  direction  the  real  motion  is  made  by  which 
the  apparent  motion  is  produced.  Now,  becaufe 
ec  and  e d are  tangents  to  the  orbit,  the  points  d 
and  c,  which  correfpond  with  the  pofitions  u and  v, 
are  thofe  of  its  greateft  elongations ; and  becaufe 
the  arc  u v,  which  is  palfed  over  in  the  inferior  part 
of  the  orbit  between  the  two  greateft  elongations,  is 
lefs  than  the  fuperior  arc  v a b y,  which  is  palfed 
over  between  the  fame  elongations,  it  is  plain,  that 
when  the  planet  is  in  the  inferior  part  of  the  orbit, 
the  fpace  c d will  be  performed  in  lefs  time  than 
when  it  is  in  the  fuperior  part.  It  is  alfo  evident* 
when  the  planet  moves  in  the  fuperior  part  of  its 
orbit,  that  the  apparent  motion  in  the  ecliptic  has 
the  fame  direction  as  the  real  motion.  Therefore, 
fince  we  have  a criterion  to  diftinguifti  the  mo- 
tion in  the  fuperior  from  that  in  the  inferior  part, 
we  can  cafily  determine  the  direction  of  the  mo- 
tion in  its  orbit,  which  is  proved  to  be  from  weft 
to  eaft. 
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The  diftance  of  Venus  from  the  Sun,  in  propor-  e 
tion  of  that  of  the  Sun  from  the  Earth,  is  deter- 
mined from  its  grealeft  elongation : thus  draw  the 
line  v s,  which  will  be  at  right  angles  to  the  tangent 
v e ; then  in  the  right  angled  triangle  v e s,  by  the 
rules  of  plain  trigonometry ? 

As  radius 

Is  to  the  fine  of  the  angle  of  greateft  elon- 
gation V E S, 

So  is  the  Sun’s  diftance  from  the  earth  e s. 

To  the  diftance  of  Venus  from  the  Sun  vs. 

By  limilar  obfervations  on  the  planet  Mercury,  it  e 
is  determined  that  its  revolutions  are  performed 
round  the  fun  in  the  fame  manner,  becaufe  they  are 
accompanied  with  circumftances  of  the  fame  nature 
appear  in  the  motion  of  Venus, 


CHAP. 


FIGURE  AND  MOTION* 


%o% 


CHAP.  II. 


©F  THE  FIGURE  AND  MOTION  OF  THE  EARTH* 

E have  not  yet  confidered  the  effects  which 


v v the  fun’s  annual  motion  in  the  ecliptic  has 
upon  the  apparent  motions  of  the  planets,  though 
it  is  very  confiderable  : neither  have  we  determined 
-whether  this  apparent  annual  motion  be  the  confe- 
quence  of  a real  motion  of  the  fun  about  the  earth, 
or  of  the  earth  round  the  fun.  The  cceleftial  phe- 
nomena may  be  explained  either  way,  but  in  a much 
more  fimple  and  intelligible  manner  by  the  latter 
fuppofition.  We  fhall  therefore  previoufly  give  an 
account  of  the  figure  of  the  earth,  and  the  reafons 
on  which  the  fuppofition  of  its  motion  is  founded. 
The  proof  will  come  more  properly  when  we  treat 
of  the  phyfical  caufes  of  thefe  motions.  At  prefent 
v/e  only  defcribe  appearances,  and  draw  plain  infe- 
rences from  them. 

The  purpofes  of  aftronomy  require,  that  the  fixed 
liars  fhould  be  chaffed  into  conllellations.  When 
their  relative  fituations  are  known,  it  mull  foon  be 
perceived,  that  their  diurnal  revolutions  are  per- 
formed round  an  axis,  obliquely  fituated  with  refpedt 
to  the  horizon,  or  circle  that  bounds  our  view;  one 
of  its  extremities  or  poles  being  above  the  horizon 
to  the  * north,  and  die  other  as  far  below  it  to  the 

* In  this  elucidation  the  obferver  is  fuppofed  to  be  in  north 
latitude. 
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fouth,  and  confequently  invifible.  By  travelling  to 
the  northward,  the  north  pole  is  obferved  to  become 
more  elevated,  and  that  exactly  in  proportion  to  the 
fpace  travelled  over;  from  which  circumftance  it 
follows,  that  the  earth  is  round  or  fpherical. 

For,  let  1 c 2,  fig.  4 6.  reprefent  a plane  fe&ion  of  k 
the  earth  at  right  angles  to  its  furface ; let  a b repre- 
fent the  plumb  line  or  perpendicular,  and  b p the  line 
of  direction,  in  which  the  * pole  ftar  is  feen  ; the 
angle  abp  will  then  be  the  complement  of  the 
altitude  of  the  ftar  : let  the  fame  ftar  be  feen  from 
another  point  e in  the  line  of  direction  e which, 
by  reafon  of  the  great  diftance  of  the  ftar,  may  be 
cfteemed parallel  toB  p ; the  angle  d e ojwill  then  be 
equal  to  the  angle  abp,  or  complement  of  the  former 
altitude  at  b.  From  e draw  the  plumb  line  or  per- 
pendicular e f ; the  angle  def  will  then  be  the  dif- 
ference between  the  two  co- altitudes  abp,  f e q^, or 
between  the  two  altitudes  -y  but  this  difference  is 
equal  to  the  angle  b c e,  formed  between  the  plumb 
lines,  and  is  proportional  to  the  arc  or  diftance  b e f. 

Now, 

* There  is  no  ftar  fituated  at' the  pole.  The  ftarainUrfa 
Minor,  which  is  called  the  pole  ftar,  is  about  2 \ degrees 
diftant  from  it. 

f Let  the  part  h n of  the  line  o p (fig.  46.)  be  compre- 
hended between  the  perpendiculars  a h,  f n,  which,  if  conti- 
nued, meet  at  g.  Conceive  h n to  be  divided  into  an  indefi- 
nite number  of  equal  parts,  by  means  of  perpendiculars 
B r , c k,  &c.  feverally  prolonged  till  they  meet.  Then  in  the 
triangle  hgi,  the  Tides,  hg,ic,  are-equal,  becaufe  oppofed 
to  equal  angles  at  h and  1 : and  for  a like  reafon,  in  the  tri- 
angle 
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Now,  if  the  angle  formed  between  two  perpendicular's 
to  a given  line  be  always  in  proportion  to  that  part 
of  the  line  comprehended  between  the  perpendicu- 
lars, the  line  itfelf  is  circular:  and  that  folid, 
whofe  fedions,  patting  through  two  oppofite  points, 
are  all  circles,  is  itfelf  a fphere. 

3 Hence,  if  the  length  of  the  arc  be  be  meafured, 
and  its  quantity  in  degrees  known  by  obfervation 
on  a ftar,  the  length  of  the  whole  circumference  of 
the  earth  may  be  found  by  this  proportion.  As 
the  quantity  of  degrees  is  to  the  length  meafured, 
fo  is  the  whole  circumference,  or  360  degrees  to 
its  length. 

k The  modern  circumnavigation  likewife  proves 
the  fphericity  of  the  earth  ; for,  by  failing  continu_ 
ally  eaftward,  or  continually  weftward,  vefiels  arrive 
again  at  the  port  from  whence  their  firft  departure 
was  taken. 

L Alfo,  in  an  eclipfe  of  the  moon,  the  fhadow 
of  the  earth  is  always  projeded  in  a circular  form* 
Now,  it  is  evident,  that  the  body,  whofe  fhadow 
is  in  all  pofitions  a circle,  muff  itfelf  be  a globe. 

"M  Unfurnifhed  with  thofe  proofs,  which  the  faga- 
city  and  more  accurate  obfervations  of  later 

angle  igk,  the  fides  1 c,  g k are  equal.  The  fame  procefs  of 
argumentation  will  extend  to  prove,  that  all  the  fmall  tri- 
angles between  h and  n are  ifofceles,  having  a common  vertex 
at  g ; that  is  to  fay,  there  is  no  definite  part  of  h n from  which 
a right  line  can  be  drawn  to  the  point  g,  either  greater  or 
lefs  than  hg:  h n is  therefore  a curve,  having  fuch  a relation 
to  a certain  point,  that  all  right  lines  drawn  from  it  to  that 
point  are  equal ; or  it  is  circular.  Which  was  to  be  fhewn* 

ages- 
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ao-es  have  afforded,  the  ancients  could  not  adduce 
thofe  reafons  for  the  earth’s  motion,  that  depend  on 
the  general  laws  of  motion,  and  the  nature  of 
gravity.  Without  doubt  they  had  recourfe  to  thofe 
which  depend  on  the  moral  fitnefs  of  things.  They 
were  perfuaded  that  the  wifdom  of  the  Creator  had 
formed  every  thing  in  the  beft  manner  poffible,  and 
therefore,  that  when  an  effecft  could  be  as  well 
produced  by  Ample  as  by  complicated  caufes,  the 
obferver  of  nature  ought  to  attribute  it  to  the  for-, 
mer.  They  faw  the  two  planets,  Mercury  and  Ve- 
nus, revolving  round  the  fun  in  orbits,  whofe  radii 
are  lefs  than  the  diftance  between  the  fun  and  the 
earth:  the  fuperior  planets,  Mars,  Jupiter,  and 
Saturn,  were  alfo  obferved  to  move  in  orbits 
about  the  fun,  but  at  greater  diftances  than  that  be- 
tween the  fun  and  earth.  If  the  fun  were  fuppofed 
to  move  abfolutely  in  the  ecliptic  or  its  apparent 
path,  it  muff  carry  the  orbits  of  thefe  bodies  along 
with  it,  and  confequently  their  abfolute  motions 
muff  be  very  complicated ; but  if  the  earth  be  fup- 
pofed to  defcribe  an  orbit  round  the  fun,  between 
Venus  and  Mars,  the  abfolute  motions  become 
fimple  and  natural,  and  an  admirable  uniformity 
prevails  throughout  the  fyftem. 

The  annual  motion  of  the  earth  being  allowed  on  n 
this  principle,  its  diurnal  motion  would  follow  by 
the  fame  argument ; it  being  much  more  reafonable 
and  confident  to  fuppofe,  that  the  earth,  by  a daily 
• revolution  on  its  own  axis  from  weft  to  eau,  ftiould 

eccafion  the  apparent  motion  of  the  coeleftial  bodies, 

than 
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than  that  thofe  bodies  fhould,  befides  their  othei* 
various  motions,  have  that  aftonilhing  velocity 
which  a real  diurnal  motion  would  produce.  The 
objections  common  obfervers  might  make  would  be 
eafily  difproved  by  men  whole  penetration  was 
capable  of  going  thus  far.  From  the  obfervations 
by  which  the  fplierical  form  of  the  earth  was  dilco- 
vered,  they  would  alio  gather,  that  bodies  fell  not 
abfoluteiy  down,  or  in  a direbtion  referable  to 
pure  fpace,  as  was  imagined,  but  always  in  a line 
directed  towards  the  center  of  the  earth,  and  con- 
fequently  that  no  danger  of  bodies  falling  off  would 
arife  from  its  continual  change  of  pofition.  The 
inftances  of  fhips  carried  by  the  tides  in  calm 
weather  would  likewife  ferve  to  fhew,  that  the 
relative  motions  or  pofitions  of  bodies  are  not 
changed  by  an  equal  velocity  given  to  them  in  the 
lame  parallel  direction. 
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Of  the  mutual  appearances  of  the  superior 
And  inferior  planets. 

THAT  the  planets  Mars,  Jupiter,  and  Saturn  o 
revolve  in  orbits,  which  include  the  orbit  of 
the  earth,  is  evident,  becaufe  they  are  frequently  feen 
in  the  part  of  the  ecliptic  diredtly  oppofite  to  the 
fun;  and  that  the  orbits  reipedt  the  fun  as  a center, 
appears  as  well  from  thofe  oppofitions  which  happen 
in  every  part  of  the  ecliptic,  as  from  their  unequable 
apparent  motions,  which  are  explained  by  referring 
them  to  that  center. 

We  have  confidered  the  apparent  motions  of  the  p 
inferior  planets  as  far  as  relates  to  their  fituation 
with  refpedt  to  the  fun.  The  motion  of  the  earth 
affedts  thole  appearances,  to  fpeak  in  general,  only 
by  retarding  the  time  they  employ  to  return  again 
to  the  fame  fituation. 

The  earth  at  e (fig.  44.)  is  a fiiperior  planet  with 
refpedt  to  Venus.  A fpedtator  on  Venus  at  b would 
fee  the  earth  e elongated  from  the  fun  under  the 
angle  e b s ; which  angle  of  elongation  would 
increafe  by  the  motion  of  Venus  in  its  orbit  from 
b to  u,  where  it  becomes  a right  angle  eus.  From 
J it  would  be  feen  in  an  angle  of  ftill  greater  elon- 
gation e j s,  and  from  m it  would  be  feen  diredtly  in 
oppofition  to  the  fun.  Paffing  from  M tO  K,  V,  &C. 
Vol.  I,  I the 
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the  angle  of  elongation  would  decreafe  till  the  arrival! 
of  Venus  at  n,  whence  the  earth  would  be  in  con- 
jun£tion  with  the  fun,  and  the  angle  of  elongation 
would  vanifh.  This  relative  motion  of  the  fupe- 
rior  planet  with  refpedt  to  the  fun  is  contrary  to 
the  order  of  the  figns,.  or  from  eaft  to  weft,  and 
depends  entirely  upon  the  motion  of  the  inferior 
planet  on  which-  the  fpecftator  is  fuppofed  to  be 
placed, 

R If  the  earth  e was  at  a diftance  indefinitely  great* 
the  lines  be,  u e,  j e,  &c.  might  be  efteemed 
parallel,  and  confequently  the  fpeclator  would  be- 
hold it  always  in  the  fame  point  of  the  ecliptic, 
its  fituation  with  regard  to  the  fun  being  varied 
only  by  the  apparent  motion-  of  the  fun,  occafioned 
by  die  real  motion  of  Venus,  But  as  this  is  by  no 
means  the  cafe,,  an  apparent  motion  of  the  earth 
among  the  figns  of  the  ecliptic  will  be  produced* 
Thus,  the  earth  viewed  from  Ny  will  appear  among 
the  fixed  ftars  at  p -y  from  b it  will  appear  at  r j 
from  u at  or  where  it  will  be  ftationary  fo  long  as 
the  orbit  of  Venus  does  not  fenfibly  differ  from  its 
tangent  j from  j.  it  will  be  feen  returned  back  to  r 
With  a retrograde  motion  ; from  m at  p ; from  k at 
Tj  from  v at  q.,  where  it  again  becomes  ftatio- 
nary  j and  from  a it  will  be  again  feen  at  t,  its- 
motion  having  again  become  diredb : whence  we 
may  obferve,  that 

a When  a fuperior  planet  viewed  from  an  inferior 
appears  ftationary,  the  inferior  planet  viewed  at 

the 
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die  fame  time  from  the  fuperior  is  alfo  Ration  ary; 
and, 

When  the  inferior  planet  viewed  from  the  Ripe-  t 
rior  moves  apparently  retrograde,  or  contrary  to  the 
order  of  the  ligns,  the  fuperior  planet  has  alfo  an 
apparently  retrograde  motion. 

But  fince  the  earth  has  an  annual  motion  round  u 
the  fun  in  its  orbit,  (no,  m)  we  are  therefore  to  dif- 
cover  what  part  of  the  apparent  motion  of  Venus  is 
produced  by  that  caufe.  It  is  plain,  that  if  the  earth 
were  at  reft,  and  Venus  feen  at  u,  its  greateft  elon- 
gation, it  would  again  be  feen  in  the  fame  pofi- 
tion,  after  performing  a complete  revolution  in  its 
orbit.  But  while  Venus  is  performing  this  revolu- 
tion, the  earth  is  carried  from  e towards  w,  and  fo 
forth.  Therefore  Venus  muft  pafs  between  two 
fimilar  elongations,  not  only  a complete  revolution, 
but  likewife  the  whole  angular  fpace  which  the  earth 
has  performed  in  the  fame  time.  Hence  its  perio- 
dical time  may  be  found.  For  the  time  between 
two  fimilar  pofitions  is  obferved  to  be  583  days. 
Now,  dividing  the  earth’s  orbit  into  365  equal 
parts  or  days,  the  angular  velocity  of  Venus  will 
be  denoted  by  the  angular  lpace  pafled  over  in  the 
given  time,  namely,  one  revolution,  or  365  days 
added  to  583  days,  equal  to  948  ; and  the  earth’s 
angular  velocity  will  be  583. 

The  periodical  times  of  Venus  and  the  Earth  will  v 
be  reciprocally  as  their  angular  velocities  ; confe- 
quently. 
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As  the  angular  velocity  of  Venus  - 948 

Is  to  the  angular  velocity  of  the  earth  583 
So  is  the  periodical  time  of  the  earth  365 
To  the  periodical  time  of  Venus  224  {- 

w Were  it  not  for  the  fixed  liars,  it  would  be- 
impoflible  to  dilcover  or  obferve  the  annual 
motion  of  the  earth.  We  fhould  conclude,  that 
each  planet  made  a complete  revolution  between 
any  two  fimilar  fituations  with  relpeft  to  the  fun, 
becaufe  the  fpaces  of  elongation  are  fimilarly  de- 
fcribed,  and  are  in  quantity  the  fame,  whether  the 
earth  be  in  motion  or  not.  Thus,  if  the  earth  be 
fixed  at  e,  the  fame  apparent  elongations  will  be 
made  by  Venus  with  any  velocity  whatfoever  in 
its  orbit,  but  they  will  occur  more  frequently  the 
greater  the  velocity.  If  a motion  be  given  to  the 
earth  in  the  orbit  ew,  Venus  will  approach  fronj 
u to  m,  which  is  now  in  motion,  with  a velocity 
equal  to  the  difference  between  its  angular  velocity 
and  that  of  the  earth : or  if  the  earth’s  angular 
velocity  be  greateft,  it  will  apparently  recede  from 
M,  and  deferibe  its  revolutions  in  the  contrary  di- 
redtion  to  its  real  motion.  Now,  as  all  the  ap- 
parent motion  of  Venus  in  elongation  is  known  by 
its  approach  or  recefs  from  the  line  s e,  and  fince 
any  angular  motion  of  se  can  only  change  the  re- 
lative velocity  of  Venus  j and  fince  a change  of 
velocity  will  not  alter  the  elongations,  except  as 
to  time,  it  is  evident,  that  we  cannot  determine 
whether  e be  ‘at  reft  or  no,  from  the  appearances 
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\ • 
of  the  planets  which  revolve  about  the  fun.  It  is 

then  from  the  apparent  motion  of  the  fun,  with  re- 

ipe£t  to  the  fixed  ftars,  that  we  conclude  that  the 

earth  defcribes  an  orbit  in  about  365  days. 

If  the  fuperior  planet  e be  at  red,  the  retrograde  x 
motion  of  the  inferior  planet  u among  the  fixed 
ftars  will  be  the  fame  as  its  motion  in  elongation, 
riz.  the  angle  ue  v.  But  if  e move  in  the  fame 
direction  as  u,  but  angularly  (lower,  the  arc  de- 
ferred by  the  retrograde  motion  in  the  ecliptic 
will  be  lefs  than  that  deferibed  between  the  two 
oppofite  elongations.  The  fame  is  true  of  the  re- 
trograde motion  of  the  fuperior  viewed  from  the 
inferior  planet. 

For  the  motion  of  e towards  w caufes  an  ap-  y 
parent  motion  of  the  fun  towards  d.  And  as  the 
retrograde  motion  of  u referred  to  the  arc  d s is 
flowed  near  the  elongations,  it  is  plain  that  u will 
not  become  ftationary  in  the  ecliptic  till  its  appa- 
rent motion  in  elongation  from  d towards  s is 
equal  to  the  fun’s  apparent  motion  in  the  contrary 
dire&ion ; that  is  to  fay,  till  fome  time  after  paffing 
the  greateft  elongation,  luppofe  at  d.  After  which  its 
motion  muft  become  retrograde  till  it  arrives  at  u, 
equidiftant  from  its  greateft  elongation  on  the  other 
fide,  where  it  will  again  become  ftationary,  its  appa- 
rent motion  in  elongation  being  equal  and  contrary 
to  that  of  die  fun  in  the  ecliptic.  Now,  the  angle 
H e d is  lefs  than  the  angle  of  retrograde  motion  in 
elongation  ced.  And  fince  the  angle  1 e q is  equal 
to  h Ed,  it  is  aifo  lefs  than  ced.  But  thofe angles 
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i e q and  h e d are  the  meafures  of  the  retrograde 

motions  of  the  fuperior  and  inferior  planets,  when 

viewed  from  each  other.  Whence  the  proportion 

is  evident. 

* 

CHAP.  IV. 

OF  THE  SUPERIOR  PLANETS,  AND  OF  THE  TRUE 
FORiyi  OF  THE  PLANETARY  ORBITS. 

HE  appearance  of  the  earth  when  viewed 


JL  from  Venus  being  explained,  it  will  be  eafy 
to  apply  that  explanation  to  the  apparent  motions 
of  the  fuperior  planets.  Of  the  two  inferior  planets 
Venus  ferved  us  as  an  inftance  $ and  of  the  three 
fuperior  ones  we  lhall  feledt  Jupiter,  as  being  the 
moll  bright  and  confpicuous.  The  motions  of 
this  planet  being  accounted  for,  fimilar  obfervations 
and  fimilar  reafoning  will  obvioufiy  folve  thofe  of 
the  other  planets,  whofe  particular  phenomena  will 
notj  therefore,  require  a more  minute  elucidation. 

That  the  planet  Jupiter  revolves  in  an  orbit, 
which  includes  that  of  the  earth,  and  refpedts 
the  fun  as  its  center,  was  Ihewn  in  the  begin- 
ning of  the  laft  chapter ; and  its  apparent  mo- 
tions are  obferved  to  be  fimilar  to  thofe  which  it 
was  proved  the  earth  would  have  when  feen  from 
Venus.  It  remains  to  difcover  its  periodical  time 
and  diftance  Irom  the  fun. 

Let  s (fig.  47.)  reprefent  the  fun,  e the  earth, 
j Jupiter,  the  circle  Eea  the  earth’s  orbit,  and 
2 the 
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the  circle  jj  a the  orbit  of  Jupiter.  Suppofe  Ju- 
piter to  be  in  oppofition  to  the  fun.  The  earth 
revolving  in  its  orbit  will,  in  the  fpace  of  365 
days,  arrive  again  at  e,  but  the  oppofition  will  not 
then  happen,  becaufe  J upiter  in  the  mean  time  will 
have  moved  in  its  orbit  towards  j.  The  earth  muft 
therefore  pafs  through  the  arc  Ee  or  33  ~ days  be- 
fore it  overtakes  it.  Confequently,  the  angular 
velocity  of  Jupiter  will  be  denoted  by  33  4,  and 
that  of  the  earth  by  one  whole  revolution,  (or  365) 
added  to  33^,  equal  to  3984.  But  as  the  pe- 
riodical times  are  reciprocally  as  the  angular  velo- 
cities, it  will  be 

* As  the  angular  velocity  of  Jupiter  331. 

Is  to  the  angular  velocity  of  the  earth  398  ' 

So  is  the  periodical  time  of  the  earth  36  5 days 

To  the  periodical  time  of  Jupiter  4340  days. 

The  periodical  time  of  Jupiter  being  thus  ob-  c 
tained,  it  will  be  eafy  to  determine  its  -j*  heliocen- 
tric place  at  any  time  before  or  after  the  oppofition, 
and  the  proportion  of  its  diftance  from  the  fun  to 
that  of  the  earth  from  the  fun  being  known,  its  £ 
geocentric  place  may  likewife,  at  any  time,  be  dis- 
covered. Its  proportional  diftance  is  thus  found. 

The  figure  as  before.  Suppofe  the  earth  to  u 
have  moved  from  e to  c,  in  a given  time.  From 

* Smaller  fractions  being  rejected,  the  periodical  times  ar* 
not  here  exadl. 

f Viewed  from  the  furi  as  a center. 

jf  Viewed  from  the  earth  as  a center. 
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the  time  may  be  found  the  quantity  of  the  angle 
esc;  and  in  the  fame  time  J upiter  will  have  moved 
to  b,  the  angle  jsb  being  alfo  known  from  its 
proportion  to  his  whole  periodical  revolution. 
Subtrad  the  angle  jsb  from  the  angle  j s c,  and 
the  remainder  will  be  the  angle  bsc.  By  obfer-r 
vation  find  the  angle  bcs,  or  Jupiter’s  elongation 
from  the  fun.  In  the  triangle  cbs,  the  fum  of  the 
two  angles  bsc  and  bcs  being  taken  from  180 
degrees,  leaves  the  angle  cbs.  Then,  by  plain 
trigonometry. 


z As  the  fine  of  the  angle  of  the  earth’s 

elongation,  when  viewed  from  Jupiter  cbs 

Is  to  the  fine  of  the  angle  of  Jupiter’s 
elongation,  when  viewed  from  the  earth  bcs. 
So  is  the  earth’s  diflance  from  the  fun  c s 

To  Jupiter’s  diftance  from  the  fun  bs. 


p The  angle  of  the  earth’s  elongation,  when  viewed 
from  Jupiter,  is  called  Jupiter’s  annual  parallax, 
and  is  always  equal  to  the  difference  between  its 
heliocentric  and  geocentric  place  in  the  ecliptic,  as 
a little  confideration  will  fhew, 
g By  fimilar  obfervations  on  the  other  fuperior 
planets,  it  is  found  that  their  apparent  motions 
are  attended  with  circumftances  of  the  fame 
nature  as  thofe  of  Jupiter.  The  fame  confe- 
quences  muff  therefore  follow  refpeding  their  or- 
bits, periods,  and  other  affedions. 
h Thus  far  we  have  fpoken  of  the  appearances  of 
the  planets,  as  if  their  revolutions  were  performed 
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in  circular  orbits,  in  the  center  of  which  the  fun 
was  fuppofed  to  be  placed.  But  this  is  not  the 
cafe.  Conjunctions,  oppofitions,  fimilar  elonga- 
tions, or  other  mutual  fituations  of  the  planets,  do 
not  return  again  in  exactly  the  fame  time,  and  their 
diftances  from  the  fun  are  found  to  be  greater  or 
lei's  in  different  parts  of  their  orbits,  their  angular 
velocities  being  always  greater  when  the  diftances 
are  lefs.  Thus,  by  the  increafed  diameter  of  the  i 
fun  during  the  winter  half-year,  we  find  that  the 
earth’s  diftance  is  diminifhed ; and  that  its  velo- 
city is  increafed,  is  evinced  from  the  apparent  mo- 
tion of  the  fun,  by  which  it  paffes  through  the 
winter  half-circle  of  the  ecliptic  in  near  eio-ht 
days  lefs  than  it  employs  to  defcribe  the  fummer- 
half.  By  a variety  of  obfervations  of  elongation  or 
parallax,  the  relative  or  proportional  diftances  of 
the  planets  from  the  fun,  and  their  velocities  are 
found  for  every  heliocentric  pofition.  Whence  k 
they  are  proved  to  revolve  in  elliptical  orbits,  the 
fun  being  placed  in  one  of  the  foci ; and  their  ve- 
locities are  fuch,  that  a radius  drawn  from  the  fun 
to  the  planet,  and  fuppofed  to  move  with  it,  de- 
fcribes  equal  areas  in  equal  times, 

The  diftance  between  the  center  s (fig.  41.)  L 
and  one  of  the  foci  c of  an  elliptical  orbit,  ig 
called  its  eccentricity.  The  two  extreme  points 
of  the  tranfverfe  or  longeft  diameter,  l and  u,  are 
called  the  apfides.  If  the  focus  about  which  the 
equal  areas  are  defcribed  be  at  c,  the  point  l 
jieareft  that  focus  is  called  the  lower  apfis,  and  u 
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is  called  the  upper  apfis;  the  diameter  ul  being 
called  the  line  of  the  apfides.  But  it  is  more 
common  to  fay,  that  a planet  is  in  its  perihe- 
lium  when  at  l,  and  in  its  aphelium  when  at  u. 
When  the  earth  is  in  its  perihelium,  the  fun  is 
faid  to  be  in  its  perigee,  and  when  the  earth  is  in 
its  aphelium,  the  fun  is  faid  to  be  in  its  apogee. 

M From  the  generation  of  the  ellipfis  (97,  t)  it  is 
evident,  that  the  whole  length  of  the  firing  is 
equal  to  the  tranfverfe  diameter:  becaufe,  when 
the  point  a is  at  u,  the  return  of  the  firing  from 
u to  the  neareft  focus  c,  is  exadlly  equal  to  the 
part  between  l and  the  other  focus  c,  where  there 
is  no  firing.  Let  gh  be  the  conjugate,  or  fhortefl 
diameter  of  the  ellipfis,  and  cg  will  be  equal  to 
half  the  firing,  or  half  the  tranfverfe  diameter. 
Suppofe  now  a planet  to  revolve  in  the  ellipfis 
about  the  focus  c neareft  l.  Then  cl  will  be 
its  neareft  diflance,  cu  its  greateft  diftance,  and 
cg  its  mean  diftance.  For,  cg  equal  to  sl,  ex- 
ceeds the  leaft  diftance  cl  by  the  quantity  cs, 
which  is  juft  as  much  as  it  falls  fliort  of  cu,  the 
greateft  diftance.  If  therefore  the  mean  diftance 
cg,  and  the  eccentricity  cs  of  a planet  be  given, 
its  orbit  may  be  deferibed  : becaufe  the  greateft 
diftance  is  equal  to  the  fum  of  the  eccentricity 
and  the  mean  diftance  5 and  the  leaft  diftance  is 
equal  to  their  difference. 

w The  eccentricities  of  the  planets  are  fo  fmall, 
that  their  orbits  approach  nearly  to  circles. 

If 


ECCENTRICITIES,  NODES.  12^ 

If  the  plane  of  the  earth’s  orbit  were  extended  o 
indefinitely  every  way,  it  would  mark  that  circle 
in  the  heavens  which  is  called  the  ecliptic,  or  fun’s 
path.  If  the  orbit  of  any  other  planet  be  fituated 
in  this  plane,  it  will  always  be  feen  in  the  ecliptic, 
whether  viewed  from  the  earth  or  the  fun.  But 
if  the  plane  of  the  planet’s  orbit  be  obliquely  fi- 
tuated with  refpecfc  to  that  of  the  ecliptic,  it  will 
interfeft  it  in  a line  pafiing  through  the  center  of 
the  lun,  and  the  planet  will  never  be  feen  in  the 
ecliptic  but  when  in  the  points  of  interfe&ion, 
Thefe  oppofite  points  of  the  ecliptic  are  called  the 
nodes,  and  the  line  of  interfe&ion  is  called  the 
line  of  the  nodes.  When  a planet  croffes  the 
ecliptic  from  fouth  to  north,  the  node  is  termed 
the  afcending  node;  and  when  it  erodes  from 
north  to  the  fbuthward,  the  node  is  termed  the  de»- 
feending  node. 

The  orbits  of  all  the  planets  are  inclined  to  the  p 
ecliptic  in  finall  angles. 
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CHAP.  V. 

OP  THE  AFFECTIONS  OF  THE  PLANETS. 

c^TTJY  fuppofing  ourfelves  in  the  place  of  one  of 
the  ancients  who  difcovered  the  order  of  the 
planetary  fyftem,  we  have  difplayed  in  a curfory 
manner  fome  of  the  mofl  obvious  phenomena,  and 
pointed  out  their  natural  coniequences.  What  has 
been  faid  is  fufficient  to  Ihew  to  thofe  who  are  totally 
unacquainted  with  the  fubjedt,  that  die  dodtrine 
of  a fyftem  of  bodies  revolving  round  the  fun  is 
not  merely  ideal,  but  founded  on  the  moft  na- 
tural dedudtion  from  the  celeftial  appearances.  For 
the  procelfes  by  which  die  planets  places  are  de- 
termined in  elliptical  orbits,  we  refer  the  reader 
to  treatifes  written  exprefsly  on  the  fubjedt, 
and  in  the  mean  time  proceed  to  note  feveral 
of  thofe  affedtions  of  die  heavenly  bodies,  as  de- 
termined by  the  accurate  obfervations  of  modern 
times. 

r Seven  planets.  Mercury,  Venus,  the  Earth, 
Mars,  Jupiter,  Saturn,  and  the  Georgium  Si- 
dus  *,  revolve  about  the  fun  in  orbits  included 
within  each  other,  in  the  order  here  ufed  in  men- 
tioning their  names,  Mercury  being  neareft  the 

* This  planet  was  difcovered  in  the  year  1781,  by  Wil- 
liam Ilerfchel,  Efq.  a native  of  Hanover. 

Sun. 
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Sun.  Thefe  are  called  primary  planets,  befide* 
which,  there  are  ten  which  are  called  fecondary 
planets.  Moons  or  Satellites.  The  fecondary 
planets  refpeft  the  primary  planets,  performing 
their  revolutions  about  them,  but  are  at  the  fame 
time  carried  round  the  Sun  in  the  orbit  of  the  pri- 
mary. Saturn  is  attended  by  five  Moons,  Jupiter 
by  four,  and  the.  Earth  by  one,  all  which,  except 
the  laft,  are  invifible  to  us,  by  reafon  of  their 
fmallnefs  and  diftance,  unlefs  telefcopes  be  made  ufe 
of.  Without  this  inftrument,  it  would  likewife  be 
impofiible  to  afcertain  the  apparent  diameters  of  any 
of  the  cceleftial  bodies,  the  Sun  and  Moon  ex- 
cepted. The  following  table  exhibits  fame  of  the 
affe&ions  of  the  primary  planets. 


v. 


Anno 


128 


parallax. 


CHAP.  VI. 

OF  PARALLAXES,  AND  OF  THE  TRANSIT  OF  VENUS* 

N E of  the  moft  ufual  methods  of  meafuring 


V J inacceffible  diftances,  is  by  means  of  two 
Nations  whofe  diftance  from  eacli  other  is  known, 
and  the  angles  formed  at  each  ftation  between 
lines  fuppofed  to  be  drawn  from  the  diftant  ob- 
jed  to  them,  and  the  line  that  joins  the  ftations 
to  each  other.  Thus  the  diftance  between  a and 
b (fig.  48.)  being  known,  as  likewife  the  angles 
.cab  and  c b a,  the  diftance  ac  or  bc  may  be 
readily  found  by  plane  trigonometry. 

Suppofe  the  objed  c,  when  viewed  from  b, 
(fig.  48.)  to  coincide  with  another  object  s,  which 
is  at  a diftance  indefinitely  great ; then  the  objed 
c will  not  appear  to  coincide  with  s,  when  viewed 
from  a.  For  s,  on  account  of  its  great  diftance, 
will  be  feen  in  the  line  a s,  parallel  to  bsj  and  c 
will  be  feen  in  the  line  a c,  the  angle  sac  being 
die  difference  between  the  apparent  places  from 
a and  b.  This  angle,  becaufe  of  the  parallels  as 
and  bs,  will  be  always  equal  to  the  angle  acb, 
and  is  by  aftronomers  called  the  parallax.  It  is 
ulually  diftinguifhed  by  fome  appellation  relative 
to  the  nature  of  the  line  ab  : for  inftance,  it  is 
called  the  annual  parallax,  when  ab  is  the  radius* 
of  the  annual  orbit ; the  diurnal  parallax,  when 
a a is  the  femidiameter  of  the  earth,  &c.. 
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It  is  almoft  linnecefiary  to  obfervc,  that  the  longer  u 
the  line  a b is  in  proportion  to  the  diflance  of  c,  the 
greater  the  angle  a c b,  and  that  in  moft  practical 
cafes,  the  greater  the  angle  the  lefs  is  the  dillance 
affefted  by  any  fmall  error.  It  is  therefore  requi- 
fite  that  the  bafe  ab  be  as  large  as  poflibie  or  con- 
venient. 

The  diftances  of  the  planets  were  found  by  tri-  y 
gonometry,  the  diflance  of  the  earth  fronn  the  fun 
being  afiumed  as  a bafe.  But  as  that  bafe  cannot 
actually  be  meafured,  the  faid  diftances  are  only  pro- 
portional or  relative,  the  bafe  being,  fuppofed  to  be. 
divided  into  ioocoo  equal  parts ; but  whether 
thofe  parts  are  miles,  leagues,  or  anfwer  to  any 
other  denomination  of  length,  was  not  determined. 
The  real  diftances  muft  be  difcovered  by  a paral- 
lax whofe  bafe  is  known. 

The  diameter  of  the  earth  is  the  longeft  right  line,  w 
whofe  length  we  can  obtain  from  admeaftirement, 
and  is  in  general  the  bafe  ufed  for  determining  the 
diftances  of  celeftial  objefls  by  their  parallax,  which 
parallax  is  found  as  follows  : 

Let  a o b (fig.  49.)  reprefent  the  earth,  c its  cen-  x 
ter,  and  z the  zenith  or  point  in  the  heavens,  fituated 
perpendicularly  over  the  point  o at  its  furface.  Then 
c h will  be  the  rational  horizon,  and  o k the  fenfible 
horizon.  Suppofe  a fpeflator  at  c views  a celeftial 
objedt  at  z,  the  revolution  of  the  earth  will  caufe 
it  to  move  apparently  through  the  quadrant  zh  in 
fix  hours,  at  the  end  of  which  time  he  will  fee  it  in 
die  horizon  at  h.  But  to  a fpedlator  at  o it  will  ap- 
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pear  in  the  horizon  when  at  k,  after  palling  through 
the  apparent  quadrant  or  right  angle  z o k,  in  a time 
as  much  lefs  than  fix  hours  as  the  arc  z k is  lefs  than 
z h,  or  90  degrees.  Hence  the  time  of  an  object's 
palling  between  the  zenith  and  fenfible  horizon 
being  known,  the  angle  o k c,  or  horizontal  paral- 
lax, may  be  found.  For,  as  fix  hours  is  to  90 
degrees,  fo  is  the  time  obferved,  to  the  arc  z k,  which 
being  taken  from  90  degrees,  leaves  the  arc  k.  h 
meafuring  the  angle  kc.h,  which  is  equal  to  okc? 
or  the  horizontal  parallax. 

y The  horizontal  parallax  being  difcovered,  the. 
diftance  of  the  objedt  follows  by  this  analogy  j in 
the  triangle  - o k c. 

As  the  horizontal  parallax,  fine  * - a k c 

Is  to  the  earth's  femidiameter  - - - oc 

So  is  radius  - fine  - 90™ 

1 

To  the  diftance  ~ - - - c ic 

3 The  fixed  ftars  have  no  parallax,  either  hori- 
zontal or  even  annual,  whence  it  follows,  that  their 
diftances  are  beyond  all  comparifon  greater  than 
that  of  the  earth  from  the  fun. 

a It  is  obvioufiy  unneceftary  in  obfervations  of  pa- 
rallax to  wait  till  the  objedt  has  defcribed  the  whole 
■apparent  quadrant  z k (fig.  49.) : for,  when  it  is 
arrived  at  e,  the  angle  zce  may  be  known  from 
the  time,  and  zoe  from  obfervation,  and  their 
difference  will  be  the  angle  of  parallax  oec:  fo 
that  in  the  triangle  oec  are  given  two  angles,  and 
die  fide  o c,  from  whence  the  other  parts  are  eafily 
found. 
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Obfervations  of  parallax  are  conveniently  made  B 
by  the  help  of  the  fixed  ftars.  Thus,  if  the  objeft 
e when  at  z be  feen  in  a given  pofition  with  refpedt 
to  a fixed  ftar,  it  will  continue  to  have  the  fame 
pofition  when  arrived  at  e,  provided  the  fpe&ator 
be  at  c ; but  if  the  fpeclator  be  at  o it  will  be  feen 
depreffed  below  its  former  pofition  by  the  quantity 
of  the  parallax  doe,  becaufe  the  ftar  has  no  parallax, 
but  is  feen  in  the  fame  apparent  place  either  from  o 
or  c. 

The  Sun’s  parallax  is  fo  exceedingly  fmall,  that  c 
the  beft  inftruments  in  the  hands  of  the  moft  fkilful 
obfervers,  have  fcarcely  effected  more  than  to  fhew 
that  it  has  one.  To  remedy  this,  the  horizontal  d 
parallaxes  of  the  nearer  planets  have  been  attempted, 
particularly  of  Mars,  when  in  oppofition  to  the  Sun, 
this  planet  being  then  as  near  again  to  the  Earth 
as  the  Sun  is,  and  has  therefore  a parallax  twice  as 
great.  But  as  this  parallax  is  not  found  to  exceed 
half  a minute  of  a degree,  the  unavoidable  uncer- 
tainty of  obfervation,  and  other  caules,  render  it 
not  fufficiently  exaft:  to  determine  the  Sun’s  diftance 
within  a 30th  part  of  the  whole.  It  is  eafy  to  com- 
prehend how  the  Sun’s  diftance  may  be  found  when 
the  diftance  of  Mars,  from  the  Earth,  in  oppofition, 
is  known.  Thus,  if  s (fig.  50.)  be  the  Sun,  e 
the  Earth,  and  m Mars,  in  oppofition,  then  e m 
will  be  the  diftance  of  Mars  from  the  Earth,  and 
alfo  the  difference  between  ms  andps,  or  the  re** 
fpeflive  diftances  of  Mars  and  the  Earth  from  the 
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Sun.  The  proportional  diftances  are  known.  There- 
fore, 

As  the  difference  between  the  proportional  dif- 
tances of  Mars  and  the  Earth  from  the  Sun, 

Is  to  the  proportional  diftance  of  the  Earth  from 
the  Sun ; 

So  is  the  diftance  between  the  Earth  and  Mars  in 
oppofition,  or  the  difference  between  their  real  dif- 
tances from  the  Sun, 

To  the  Earth’s  real  diftance  from  the  Sun. 
jr  Several  other  methods  were  devifed  by  the  anci- 
ents for  dilcovering  the  Sun’s  parallax,  which, 
though  they  fhew  the  fagacity  and  penetration  of 
their  inventors,  are  lefs  fufficient  for  the  purpofe 
than  the  foregoing.  We  fhall  therefore  omit  men- 
tioning them,  and  give  a fhort  explanation  of  that 
for  which  we  are  indebted  to  the  great  Dr.  Hal- 
ley, by  which  the  diftance  of  the  Sun  is  determined 
with  greater  accuracy  than  by  any  other  method. 
f The  planet  Venus,  as  has  been  fhewn,  paffes 
the  Sun  twice  in  revolving  from  any  pofition ’of 
elongation  to  the  fame  pofition  again  (105,  c). 
At  thofe  times  this  planet  is  faid  to  be  in  conjunc- 
tion with  the  Sun. 

g When  the  planet  Venus  is  fituated  in  a line  be- 
tween the  Sun  and  the  Earth,  it  is  faid  to  be  in 
its  inferior  conjunction ; and  when  it  is  in  the  oppo- 
fite  part  of  its  orbit,  the  Sun  being  in  a line  between 
it  and  the  Earth,  it  is  faid  to  be  in  its  fuperior 
conjunflion.  If  the  orbits  of  the  Earth  and  Venus 
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were  in  the  fame  plane,  it  is  evident  that  Venus 
would  pafs  behind  the  Sun  with  a direCt  motion 
every  fuperior  conjunction,  and  would  pafs  over 
its  * difc,  or  before  it,  with  a retrograde  motion 
every  inferior  conjunction.  But  as  Venus’s  orbit 
is  inclined  to  the  ecliptic  in  an  angle  of  about 
3 k degrees,  this  planet  will,  in  general,  pafs  to  the 
northward  or  fouthward  of  the  fun,  and  will  only 
be  vifiblc  on  its  difc  when  the  inferior  conjunction 
happens  at  or  near  one  of  the  nodes.  This  hap- 
pens but  once  (or  fometimes  twice  at  an  interval 
of  about  8 years)  in  more  titan  1 20  years. 

To  fhew  how  this  tranfit  is  applied  to  the  pur-  h 
pofe  of  finding  the  Sun’s  diftance,  we  fhall  pafs 
over  thofe  elements  that  enter  into  the  computation 
previous  or  fubfequent  to  aCtual  obfervation,  and 
fhall  only  explain  the  general  principles  on  which 
the  method  is  founded. 

Let  s (fig.  51.)  reprefent  the  Sun,  e the  Earth,  i 
v,  u,  w,  the  planet  Venus  in  different  pofitions, 
the  arc  l n a part  of  the  Earth’s  orbit,  and  the  arc 
om  a part  of  the  orbit  of  Venus.  Then,  became 
the  angular  velocities  of  Venus  and  the  Earth  aro 
known,  as  alfo  their  proportional  diftances,  it  will 
be  eafy  to  compute  the  time  Venus  will  employ  in 
pafilng  through  the  arc  vw,  which,  when  viewed 
from  the  Earth,  is  equal  to  the  known  diameter 
(or  chord)  of  the  Sun  c d ; the  heliocentric  value 
or  length  of  the  arc  vw  may  likewife  be  readily 
found.  Suppofe  then  an  obferver  at  a on  the 
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Earth’s  furface  to  view  the  planet  Venus  at  v,  it 
will  appear  juft  entered  within  the  Sun’s  difc  at  c, 
and  palling  in  the  arc  v w,  will  appear  to  defcribe 
the  line  c d,  arriving  at  d at  the  end  of  the  com- 
puted time.  But  during  this  time  the  obferver 
will,  by  the  Earth’s  diurnal  revolution,  be  carried 
from  a towards  and  arriving  at  p at  the  fame 
inftant  that  Venus  arrives  at  u,  will  behold  the 
tranfitjuft  finifhing  at  d:  confequently  it  will  be 
of  a duration  proportionally  as  much  fhorter  than 
the  computed  time,  as  the  heliocentric  arc  v u is 
ftiorter  than  vw.  The  arc  vw  is  known  by  com- 
putation, therefore,  fince  Venus’s  motion  may  in 
very  ftnall  arcs  be  reckoned  uniform. 

As  the  computed  time 
Is  to  the  computed  arc  vw, 

So  is  the  obferved  time 
To  the  arc  - vu; 

which  being  taken  from  vw,  leaves  the  arc  uw, 
that  fubtends  the  angle  udv.  This  laft  angle  is 
the  parallax  of  the  bale  a p ; and  the  bafe  a p is 
found  by  the  analogy 

As  one  day  or  24  hours 
Is  to  the  circumference  of  the  earth  (or  paral- 
lel of  latitude) 

So  is  the  obferved  time 
T 0 the  arc  a p,  whofe  chord  is  the  bafe. 

But  becaufe  the  minuteft  errors  in  a bufinefs  of 
this  nature  are  of  very  great  confequence,  and  be- 
caufe 
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caufe  the  length  of  the  arc  vw,  depending  on  the 
Sun’s  diameter,  can  fcarcely  be  obtained  by  calcula- 
tion to  that  extreme  degree  of  exadtnefs,  which  is 
requifite,  it  is  advifable  to  take  another  obfervation 
on  a place  fo  fituated  on  the  Earth,  that  the  obferver 
being  carried  in  a direction  apparently  contrary  to 
the  former,  the  errors  may  counteract  each  other. 

Let  the  reprefentations  be  as  in  the  laft  figure,  t 
If  the  fun  have  declination  at  the  time  of  the 
tranfit,  b (fig.  5*.)  will  reprefent  the  pole  towards 
which  the  Sun  declines.  The  obferver  at  a,  if  at 
reft,  would  behold  the  tranfit  during  the  time 
Venus  pafifes  from  v to  w,  but  being  by  the  Earth’s 
diurnal  revolution  carried  from  a through  the  arc 
a e p to  p,  and  arriving  at  p at  the  inftant  in  which 
Venus  arrives  at  u,  he  will  perceive  the  tranfit 
juft  finifhing  at  d ; confequently  its  duration  will 
be  as  much  longer  than  the  computed  time  as  the 
heliocentric  arc  vu  is  longer  than  vw.  vu  being 
found  by  the  before  mentioned  analogy,  the  dif- 
rence  between  vu  and  vw  is  wu,  or  the  parallax 
of  a p,  as  before. 

Now,  in  thefe  two  cafes,  a fimilar  'error  will  m 
have  a contrary  effet  in  the  firft  to  that  which  it  * 
has  in  the  latter.  For  if  by  any  error,  the  com- 
puted arc  vw  (fig.  51.)  be  taken  too  large,  the 
arc  u w,  and  confequently  the  parallax  will  come 
out  too  great.  But  in  the  latter  obfervation,  if  the. 
computed  arc  vw  (fig.  5a.)  be  taken  too  large, 
the  arc  wu,  and  confequently  the  parallax  will 
come  out  too  little.  Therefore  the  mean  between 
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two  fu.ch  obfcrvations  will  be  much  more  to  be 
depended  on  than  either  fmgly. 

N By  obfervations  on  the  tranfits  of  Venus  over 
the  Sun  in  the  years  1761  and  1769,  the  Sun’s 
mean  parallax  was  found  to  be  8y  feconds,  and 
hence  die  Sun’s  diftance  is  deduced  to  be  very  near 
1 1 900  diameters  of  the  Earth,  or  8 1 8 1 8400  * geo- 
graphical miles. 

The  laft  three  articles  in  Chap.  V.  concerning 
die  affedtions  of  the  planets  are  deduced  from  this 
.diftance  j for. 

As  the  proportional  diftance  of  the  earth 

Is  to  its  real  diftance. 

So  is  the  proportional  diftance  of  any  other 
planet 

To  its  real  diftance. 

-*  A geographical  mile  is  z'z  part  of  a degree  of  the  earth, 
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CHAP.  VII. 

OF  THE  SECONDARY  PLANETS. 

THE  fecondary  planets,  as  was  before  ob-  o 
ferved,  are  ten  in  number,  five  of  which  de- 
fcribe  orbits  about  the  planet  Saturn,  four  about 
Jupiter,  and  one  accompanies  the  Earth.  The 
fecondaries  of  Saturn  and  Jupiter  are  obferved  by 
the  telefcope,  and  by  their  motions  in  elongation 
to  the  eaftward  or  weftward  of  their  primaries  is 
obtained  the  knowledge  of  their  diftances  and  pe- 
riodical times,  in  the  fame  manner  as  has  been  al- 
ready fhewn  and  explained  in  the  planet  Venus 
(105,  c).  Saturn  is  likewife  attended  by  a phe- 
nomenon, which  to  us  appears  to  be  a large  broad 
ring,  of  no  vifible  thicknefs.  Its  breadth  is  equal 
to  its  diftance  from  the  body  of  the  planet,  and  its 
diameter  is  to  that  of  Saturn  as  9 to  4.  The  moft 
probable  conjefture  is,  that  it  confifts  of  a vaft 
number  of  fatellites,  which  revolve  in,  and  en- 
lighten that  region. 

Of  Saturn’s  five  moons,  the  periodical  times : p 
Firft,  id  2ih  1 Second,  2d  17”  4im;  Third,  4d  13" 
47™ ; Fourth,  15'  22h4im;  Fifth,  79*,  22h,  4V. — 
Diftances  in  femidiameters  of  the  ring,  Firft,  1 _»*_  ; 
Second,  2 A;  Third,  3AV>  Fourth,  Fifth, 

23rov — Cft  Jupiter’s  four  moons,  the  periodical 
times:  Firft,  id  i8h  27m  33%  Second,  3d  i3h  13  ’4os- 
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Third,  7 d 3*  42”  33s  j Fourth,  i6d  i6h  32*”  8’.  Di- 
ftances  in  femidiameters  of  Jupiter:  Firft,  5 < o cTo  i 
Second,  9^;  Third,  14^% i Fourth,  25AV0. 

All  the  planets/  both  primary  and  feeondary, 
receive  their  light  from  the  Sun.  This  is  evi- 
dent, becaufe  that  face  only  is  enlightened  which 
is  turned  towards  that  luminary,  as  may  be  more 
particularly  feen  in  our  Moon,  a greater  or  lef$ 
part  of  which  is  vifible,  according  to  the  pofition 
in  which  we  lie  for  viewing  the  illuminated  face. 
The  fame  varieties  are  feen  in  the  planets  Mars 
and  Venus,  not  to  mention  the  tranfits  of  Venus  and 
Mercury  over  the  Sun,  at  which  time  they  appear 
sis  black  unenlightened  fpots.  The  phafes  of  Ju- 
piter and  Saturn  are  always  round  and  full,  be- 
caufe the  Earth  is  fo  near  the  Sun  in  refpedl  to 
their  diftances,  that  their  dark  fide  can  never  be 
fenfibly  turned  towards  us  j yet,  that  they  arc 
opake,  is  evident  from  the  difappearing  of  Jupi- 
ter’s moons  when  they  enter  into  its  fhadow.  And 
though  by  reafon  of  their  vaft  diftance  the  like  ob- 
fcurations  of  the  fatellites  of  Saturn  cannot  be 
obferved,  yet  we  can  plainly  fee  that  the  ring  calls 
a fhadow  on  its  body : whence  we  may  be  cer- 
tain of  the  opacity  of  both  : for  if  the  ring  were 
not  opake  it  could  call  no  fhadow,  and  if  Saturn 
fhone  by  any  native  light  of  his  own,  the  inter- 
ception of  the  Sun’s  light  would  caufe  no  defeft 
or  fhadow  on  his  body.  It  is  unnecefiary  to  ob- 
ferve,  that  the  Earth  and  its  Moon  are  illuminated 
only  on  that  part  or  fide  on  which  the  Sun  fhines. 

When 
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When  one  planet  intercepts  any  part  of  the  Sun’s  & 
light  from  another,  the  planet  from  which  die 
light  is  intercepted  is  faid  to  be  eclipfed,  if  it  be  a 
fecondary.  But  if  they  are  both  primaries,  the  in- 
ferior planet  is  faid  to  make  a tranfit.  When  the 
moon  intercepts  the  Sun’s  light  from  the  Earth,  it 
is  ufual  to  lay  the  Sun  is  eclipfed,  though,  properly 
fpeaking,  it  is  the  Earth  that  is  eclipfed. 

There  are  three  ways  in  which  the  fatellites  of  t 
Jupiter  or  Saturn  may  difappear  from  an  obferver 
placed  on  the  Earth.  Thus,  let  s (fig.  53.)  repre- 
fent  the  Sun,  e the  Earth  in  its  orbit,  j the  pla- 
net Jupiter  and  its  moons.  Then  the  outermoft 
fatellite,  for  example,  will  difappear  on  the  enlight- 
ened face  of  Jupiter  when  at  its  inferior  conjunc- 
tion m.  It  will  alfo  difappear  at  its  fuperior 
conjunction  n,  being  hid  behind  the  body  of  the 
planet.  And  laftly,  it  will  difappear  when  at  o, 
being  eclipfed  in  palling  through  the  lhadow  of 
Jupiter. 

From  thefe  confiderations  is  obtained  a good  v 
method  of  finding  the  parallax  of  the  Earth’s  annual 
orbit.  For  which  purpofe  the  inftant  of  the  fatel- 
lite’s  firft  difappearance  behind  the  body  of  Jupiter 
mull  be  carefully  obferved,  as  likewife  the  inftant  of 
its  re-appearance  : the  middle  inftant  will  be  that 
of  the  fuperior  conjunction  at  n.  In  like  manner, 
the  middle-inftant  of  the  eclipfe  at  o mult  be  found. 
The  time  the  fatellite  employs  in  palling  through 
the  arc  n o will  thus  be  known,  and  confequently 
the  angle  n jo.  For, 
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As  the  periodical  time  of  the  fatellite 
Is  to  the  time  of  palling  the  arc  n o. 

So  is  the  whole  orbit  or  360  degrees 
To  the  angle  n j o. 

But  the  angle  n j o is  equal  to  the  angle  e j s,  or 
the  annual  parallax. 

v By  the  obfervations  of  thefe  eclipfes,  the  difcovery 
of  the  longitude  on  fhore  is  eafily  obtained,  but  the 
Violent  motion  of  fhips  at  fea  has  hitherto  prevented 
the  ufe  of  telefcopes  on  board  proper  for  this  purpofe, 
though  there  are  good  reafons  to  believe  that  this 
w difficulty  is  not  infurmountable.  From  thefe  obfer- 
vations it  alfo  appears,  that  light  is  not  propagated 
from  luminous  bodies  in  an  inftant,  but  pafies 
through  a given  fjpace  with  an  affignable  velocity* 
This  velocity  is  extremely  great,  for  it  pafies  through 
the  whole  diftance  between  the  Sun  and  the  Earth 
in  about  eight  minutes ; that  is  to  fay,  at  the  rate 
of  one  hundred  and  feventy  thoufand  miles  in  a 
fecond  of  time.  For  the  periodical  times,  of  the 
fatellites  being  known,  it  is  not  difficult  to  deter- 
mine the  precife  time  of  any  of  their  eclipfes.  But 
it  is  found  neceffary  to 'make  an  allowance  for  the 
pofition  of  the  Earth  with  refpedt  to  Jupiter,  fincc 
the  eclipfes  happen  fooner  when  the  Earth  is  at  f, 
(fig.  53.)  in  its  orbit,  than  when  at  a greater  dif- 
tance, fuppofe  at  e j and  as  it  is  abfurd  to  fup- 
pofe,  that  the  pofition  of  the  Earth  ffiould  fenfibly 
and  equally  affeft  the  periodical  revolutions  of 
bodies  fo  vaftly  remote,  and  revolving  in  fuch  dif- 
ferent periods,  it  is  an  opinion,  univerfally  received, 
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and  confirmed  by  other  obfervations  on  the  light 
of  the  fixed  ftars  *,  that  the  eclipfes  happen  later 
when  the  Earth  is  at  e than  when  at  f,  becaufe  the 
light  mult  in  the  latter  cafe  pals  through  a fpace  as 
much  greater  as  the  line  je  exceeds  jf. 
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i Earth,  is  proved  from  its  apparent  diameter, 
which  continues  at  all  times,  and  in  all  pofitions, 
nearly  of  the  fame  magnitude,  whence  it  may  be 
eafily  inferred,  that  its  diftance  from  the  Earth  is 
nearly  at  all  times  the  fame.  Its  horizontal  parallax, 
which  at  a medium  is  about  57 , fhews  that  it  is 
very  much  nearer  to  us  than  the  reft  of  the  celeftial 
bodies. 

The  molt  remarkable  appearance  in  the  Moon  is  y 
the  continual  change  of  figure  to  which  it  is  fubjeft. 
Sometimes  it  appears  perfectly  full  or  circular,  at 
other  times  half  illuminated,  and  at  other  times 
more  or  lefs  than  half;  changing  through  a very 
great  variety  of  figures.  Thefe  changes  being  always 
the  fame  at  the  fame  elongation  from  the  Sun,  are 
a proof  that  it  receives  its  light  from  that  luminary : 
for  the  Moon  is  enlightened  only  on  the  fide  that 
faces  the  Sun ; and  a greater  or  lefs  quantity  of  that 
enlightened  part  is  vifible  to  us,  according  to  our 

* The  aberration  of  the  fixed  ftars  arifing  from  the  progref- 
five  motion  of  light,  will  be  explained  in  Book  IT.  Sedt.  I. 
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pofition.  This  cannot  be  better  illuftrated  than  by 
an  ivory  ball,  which  being  held  in  the  Sun  in  vari- 
ous pofitions,  will  prefent  a greater  or  lefs  part  of 
its  illuminated  fide  to  the  view  of  the  obferver. 
If  it  be  held  nearly  in  oppofition,  fo  that  the  eye 
of  the  obferver  may  be  almoft  immediately  between 
it  and  the  Sun,  the  greateft  part  of  the  enlightened 
fide  will  be  feen.  But  if  it  be  moved  in  a circu- 
lar orbit  towards  the  Sun,  the  vifible  enlightened 
part  will  gradually  decreafe,  and  at  lad  difappear 
when  the  ball  is  held  diredtly  towards  the  Sun. 
Or,  to  apply  the  experiment  more  immediately  to 
our  prefent  purpofe ; if  the  ball  at  any  time,  when 
the  Sun  and  Moon  are  both  vifible,  be  held  diredtly 
between  the  eye  of  the  obferver  and  the  Moon, 
that  part  of  the  ball  on  which  the  Sun  fhines  will 
appear  exadlly  of  die  fame  figure  as  the  Moon 
itfelf. 

2 The  Moon’s  path  or  orbit  is  inclined  to  the  plane 
of  the  ecliptic,  in  an  angle  of  about  five  degrees  and 
a a quarter.  Its  periodical  revolution  is  performed 
in  twenty-feven  days,  feven  hours,  forty-three  mi- 
nutes, eleven  feconds  and  a half  * but  becaufe, 
during  that  time  die  Sun,  by  its  apparent  motion, 
advances  confiderably  in  the  ecliptic,  a fpace  of 
about  two  days  and  a quarter  is  required  by  the 
b Moon  to  overtake  it.  When  the  Moon  is  as  nearly 
in  a line  between  the  Earth  and  the  Sun  as  the  in- 
clination of  its  orbit  will  allow,  it  is  called  the  New 
c Moon ; and  when  the  Earth  is  in  like  manner 
between  the  Moon  and  the  Sun,  the  Moon  is  faid  to 
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be  full.  The  time  between  two  fucceeding  full  p 
moons  is  called  the  fynodical  revolution,  and 
exceeds  the  periodical  revolution,  for  the  reafon 
already  given,  it  being  performed  in  twenty-nine 
days,  twelve  hours,  forty-four  minutes,  and  three 
fcconds.  If  the  new  or  full  Moon  happen  near  the  e 
node,  an  eclipfe  takes  place ; at  the  new  Moon, 
the  Moon  being  interpofed  between  the  Sun  and 
Earth,  occafions  an  eclipfe  of  the  Sun ; at  the  full,, 
the  Moon  entering  into  the  ihadow  of  the  Earth,  is 
deprived  of  the  Sun’s  light,  the  Earth  being  inter- 
pofed between  it  and  the  Sun : which  phenomenon 
is  called  a lunar  eclipfe,  or  eclipfe  of  the  Moon. 

At  other  times,  that  is,  when  the  new  or  full  Moon 
happens  at  a diftance  from  the  node,  the  Moon  pailes 
too  far  to  the  northward  or  fouthward  of  the  eclip- 
tic, either  to  intercept  the  Sun’s  light  from  the 
Earth,  or  to  enter  the  Earth’s  Ihadow,  and  confe- 
quendy  no  eclipfe  happens. 

It  is  determined  from  obfervations  of  angular  f 
velocity,  parallax  and  apparent  diameter,  that  die 
Moon  revolves  round  the  Earth  in  an  elliptical 
orbit,  in  the  focus  of  which  the  Earth  is  placed  : 
and  that  its  velocity  is  fuch,  that  a radius  joining 
its  center  with  that  of  the  Earth  does  very  nearly 
deferibe  equal  areas  in  equal  times. 

The  line  of  the  apfides,  or  principal  diameter  c 
of  the  Moon’s  orbit,  is  not  fixed  or  ftationary,  but 
revolves  with  an  irregular  or  libratory  motion  from 
weft  to  eaft  : completing  one  revolution  in  almoft 
nine  years. 


The 


144 


lu'nar  phenomena. 


h The  line  of  the  nodes  is  alfo  fubje6t  to  a like 
irregular  motion  from  eaft  to  weft,  which  is  com- 
pleted in  almoft  nineteen  years. 

i The  variation  of  the  Moon’s  motion  in  any 
part  of  its  orbit  is  the  difference  between  its  real 
motion  and  that  which  it  would  have  had,  pro- 
vided it  had  defcribed  equal  areas  in  equal  times. 
This  is  governed  chiefly  by  its  elongation  from 
the  Sun.  During  the  firft  quarter  its  velocity  is 
diminifhed  ; in  the  fecond  quarter,  from  the  qua- 
drature to  the  oppofition  or  full  Moon,  it  is  in- 
creafed  ; in  the  third  quarter,  from  the  oppofition 
to  the  laft  quadrature,  the  velocity  is  again  dimi- 
nifhed ; and  from  that  quadrature  to  the  con- 
junction, its  velocity  is  again  increafed.  The 
quantity  of  angular  motion  loft  exceeds  the  quan- 
tity gained  : therefore  the  whole  periodical  revolu- 
tion is  performed  in  a longer  time  than  would 
have  been  employed  if  the  Moon  were  fubjedl  to 
no  fuch  variation,  but  defcribed  equal  areas  in 
equal  times. 

k This  variation,  and  confequently  the  retardation 
of  the  periodical  time,  is  greater  when  the  Earth  is 
in  the  perihelium,  and  lefs  when  the  Earth  is  in 
the  aphelium : whence  it  comes  to  pafs,  that  all 
the  Moon's  revolutions  are  not  equal,  but  are  per- 
formed in  lefs  time  in  the  latter  fituation  than  in 
the  former. 

h On  all  thefe,  as  well  as  other  accounts,  the  de- 
termination of  the  Moon’s  place  in  the  heavens 
for  a given  inftant  of  time  has  ever  been  a pro- 
blem 
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blem  of  great  difficulty,  which  till  of  late  years 
has  not  been  folved  to  any  confiderable  degree 
of  exa&nefs.  Within  the  laft  twenty  years  the 
commiffioners,  appointed  by  the  Englifh  govern- 
ment for  the  difcovery  of  the  longitude*  have  par- 
ticularly attended  to  this  branch  of  aflronomy,  and 
by  publifhing  almanacs  in  which  the  Moon’s  elon- 
gation from  the  Sun,  and  from  certain  fixed  ftars, 
is  alcertained  for  every  three  hours,  have  enabled 
navigators  to  determine  the  fituaticn  of  ffiips  at  fea 
in  general  within  thirty  miles  of  the  truth.  This 
is  an  advantage  of  fingular  ufe  in  long  voyages,  and 
is  at  prefent  much  ufed  in  the  royal  navy,  and  Eaft 
India  Company’s  ffiips. 

CHAP.  IX. 

CONCERNING  THE  ECLIPSES  OF  THE  SUN  AND 

MOOtf, 

E have  feen  in  what  manner  the  periodical 


vv  revolutions  of  the  celeftial  bodies,  toge- 
ther with,  the  figure,  magnitude,  and  pofition  of 
their  orbits,  may  be  refpe&ively  determined  by  ob- 
fervations  made  on  their  apparent  motions  and 
fituations.  From  the  properties  of  the  ellipfis, 
and  the  eftabliffied  law  of  their  velocities  (121,  k),. 
or  otherwife,  more  immediately  from  the  confidera- 
tion  of  gravity  (98,  w,  x),  aftronomical  tables  are 
computed,  by  which  the  places  of  the  heavenly  bo- 
dies may  be  found  for  any  inftant  of  time.  1 he 
Vol.  I.  L conftruftion 
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conftruflion  and  life  of  thefe  would  lead  us  too  far 
from  the  concife  and  exterior  view  of  phenomena 
that  our  limits  require  : we  fhall  therefore  affume? 

M as  a thing  granted  of  courfe,  that  die  place  of  any 
celeftial  body  may  be  found  for  any  given  inftant  of 
time. 

n The  eclipfes  of  the  Sun  and  Moon  are  pheno- 
mena that  command  the  attention  even  of  the 
vulgar,  who  have  always  retained  a fuperftitious 
veneration  for  the  fcience  of  aftronomy,  chiefly 
on  account  of  the  means  it  affords  of  foretelling 
events  of  this  nature.  And  though  in  reality  the 
knowledge  required  in  calculating  an  eclipfe  does 
not  effentially  differ  from  that  employed  in  deter- 
mining the  time  of  the  rifing  and  fetting  of  the 
Sun  or  Moon,  yet,  there  is  no  doubt  but  a more 
particular  attention  to  this  fubjeft  will  be  accept- 
able to  the  reader. 

o As  the  fhadows  of  the  Moon  and  Earth  are  the 
caufes  of  eclipfes,  it  will  be  neceffary  firfl  to  deter- 
mine their  figure.  Becaufe  the  Sun,  the  Earth,  and 
the  Moon,  are  fpherical  bodies,  it  follows  that  the 
iiiadows  of  the  two  latter  muft  be  either  conical 

p or  cylindrical ; that  is  to  fay  (fig.  54. ),  if  the 
Sun  1 k be  lefs  than  the  Earth  c d,  the  fliadow 
of  the  latter  will  be  part  of  a cone,  whofe  fe&ion 
is  terminated  by  the  lines  c e,  d f,  and  whofe  bale 
is  indefinitely  difbant : or,  if  the  Sun  a b be  equal 
to  the  Earth  c d,  the  fliadow  will  be  a cylinder 
between  the  lines  c g,  d h,  whofe  bafe  is  indefi- 
nitely diftaak  In  either  cafe  the  fhadows  of  the 

Earth 
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Earth  may  confequently  fall  upon  and  eclipfe  the 
iuperior  planets,  when  in  dire&  oppofition  to  the 
Sun.  But  this  never  happens,  and  therefore  the  Sun 
is  neither  lefs  than,  nor  equal  to,  the  Earth,  but. 
Greater.  We  know  moreover,  Irom  the  Sun  s pa- 
rallax (136,  n),  that  it  is  much  greater  than  the 
Earth,  becaufe  the  Sun’s  diameter  feen  fiom  tne 
Earth  is  about  32  minutes,  whereas  the  Earths 
diameter  feen  from  the  Sun  is  (126.)  only  about 
17  feconds,  a quantity  that  may  be  regarded  as 
infenfible,  or  inconfiderable  in  many  obfervations. 
And  fince  the  Sun  exceeds  the  Earth  in  fo  high  a R 
proportion,  it  mull  of  neceffity  be  yet  greater  with  s 
regard  to  the  Moon,  becaufe  this  laft  is  lefs  than, 
the  Earth.  Let  ab  (fig.  55.)  reprefent' the  Sun 
greater  than  the  Earth  cd.  The  rays  of  light  ac,  bd, 
palling  from  the  extreme  edges  of  the  Sun,  and  in 
contaft  with  the  Earth  on  the  fame  fide,  will  after- 
wards meet  or  crofs  in  the  point  k.  No  part  of 
the  Sun’s  light  will  appear  within  the  cone  ckd, 
which  is  therefore  the  fhadow  in  which  an  obleiver, 
being  placed,  would  be  totally  deprived  of  the  Sun. 
But  there  will  be  a partial  fhadow  or  penumbra 
between  thofe  rays  adm,  bcl,  that  pafs  from  the 
extreme  edges  of  the  Sun,  and  touch  the  oppofite 
extremes  of  the  Earth : that  is  to  fay,  an  obferver 
between  the  lines  c l and  d m,  but  without  the  dai  k 
cone  ckd,  will  fee  only  a part  of  the  Sun,  the  iea 
being  hidden  by  the  interpofition  of  the  Earth  : the 
quantity  of  the  Sun  thus  obfeured  will  be  greater, 
and  the  penumbra  darker,  the  nearer  the  obfei  /cr  is 
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placed  to  the  cone  ckd.  Laltly,  if  the  obferver 
be  fituated  beyond  the  vertex  ‘of  the  dark  fhadow  k, 
between  the  lines  k n,  ko,  formed  by  the  continua- 
tion of  the  extreme  rays,  he  will  behold  the  exte- 
rior parts  of  the  Sun  forming  a lucid  ring,  envi- 
roning the  Earth  on  all  Tides. 

t The  angle  ckd,  at  the  vertex  of  the  Earth’s 
fhadow,  is  equal  to  the  difference  between  the 
diameter  of  the  Sun,  feen  from  the  Earth  or  angle 
a c b,  and  the  diameter  of  the  Earth  feen  from  the 
Sun,  or  angle  cbd*.  Or,  if  the  Earth’s  apparent 
diameter  from  the  Sun  (147,  <i_)  be  rejected  as 
inconfiderable,  the  angle  of  the  fhadow  will  be 
equal  to  the  Sun’s  apparent  diameter. 

u The  angle  cid,  at  the  vertex  of  the  penumbra, 
is  equal  to  the  fum  of  the  diameter  of  the  Sun  feen 
from  the  Earth,  or  angle  acb,  and  the  diameter 
of  the  Earth  feen  from  the  Sun  or  angle  cad:  or, 
if  the  Earth’s  apparent  diameter  from  the  Sun 
047*  <0  be  rejected  as  inconfiderable,  the  angle 
of  the  penumbra  is  equal  to  the  Sun’s  apparent 
diameter. 

v The  apparent  diameter  of  any  fedtion  ef,  of  the 
fhadow,  fuppofed  to  be  viewed  from  the  Earth> 
namely,  the  angle  edf,  is  equal  to  the  excefs  of 

*■  Euclid  I.  32.  is  repeatedly  ufed  in  what  immediately  fol- 
lows : that  is  to  fay,  in  any  triangle  bck,  the  outward  angle, 
acb  formed  by  prolonging  one  of  its  fides,  is  equal  to  the 
fum  of  the  two  inward  oppofite  angles  cko,cb  d : and  con- 
fequently,  that  one  of  the  two  laft-named  angles,  or  c k d, 
will  be  equal  to  the  difference  between  the  external  angle 
us  and  the  ether  interior  oppofite  angle  cbd. 
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the  Earth’s  apparent  diameter  feen  from  the  place 
of  fedtion,  namely,  the  angle  ced,  beyond  the 
angle  at  the  vertex  of  the  fhadow  crd:  or,  if  the 
angle  of  the  fhadow  (148,  t)  be  taken  as  equal  to 
the  Sun’s  apparent  diameter,  the  apparent  diameter 
of  any  fedtion  of  the  fhadow  feen  from  the  Earth 
will  be  equal  to  the  difference  between  the  appa- 
rent diameters  of  the  Sun  and  Earth,  as  feen  fiom 
the  place  of  fedtion,  this  laft  diameter  being  greateft. 

The  apparent  diameter  of  any  fedtion  gh,  of  the  w 
penumbra,  fuppofed  to  be  feen  from  the  Earth, 
namely,  the  angle  gdh,  is  equal  to  the  fum  of  the 
Earth’s  apparent  diameter  feen  from  the  place  of  fec- 
tion,  namely,  the  angle  cgd,  added  to  the  angle  at 
the  vertex  of  the  penumbra  cid.  Or,  if  the  angle 
of  the  penumbra  (148,  u)  be  taken  as  equal  to 
the  Sun’s  apparent  diameter,  the  apparent  diameter 
of  any  fedtion  of  the  penumbra  feen  from  the  Earth 
will  be  equal  to  the  fum  of  the  apparent  diameters 
of  the  Sun  and  Earth,  as  feen  from  the  place  of 
fedtion. 

Every  thing  that  has  been  here  fhewn  refpedting  x 
the  fhadows  of  the  Earth  is  true  in  like  circum- 
ftances  of  the  Moon  (147,  s)- 

To  apply  thefe  obfervations  to  the  fadts,  let  a e y 
(fig.  56.)  reprefent  the  Sun,  c d the  Earth,  and 
iKor  l the  Moon  in  its  orbit  kmn;  let  the  Moon 
be  at  1 k,  between  the  Sun  and  Earth ; its  total 
fhadow  may  then  entirely  deprive  a part  of  die 
Earth  at  o of  the  Sun’s  light,  and  its  penumbra 
will  caufe  a partial  eclipfe  of  the  Sun  to  the  inhabi- 
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z tants  between  g and  n.  Again,  fuppofe  the  Moon 
to  be  at  l,  and  it  will  itfelf  be  eclipfed  by  the  inter- 
pofition  of  the  Earth  between  it  and  the  Sun.  In 
lunar  eel ipfes,  the  Earth’s  penumbra  is  not  attended 
to,  becaufe  its  effedts  in  obfeuring  the  Moon  cannot 
be  obferved  with  precifion  by  a fpe&ator  placed  on 
the  Earth. 

a It  has  already  been  obferved  ( 143,  e),  that  eel  ipfes 
can  only  happen  when  the  Moon  is  near  one  of  the 
nodes  of  its  orbit.  Let  abm  (fig.  57.)  reprefent 
the  Sun,  viewed  from  the  Earth,  c d a portion  of 
the  ecliptic,  or  Sun’s  apparent  path,  and  e f a part 
of  the  orbit  of  the  Moon which  planet  is  repre- 
fented  at  different  times  by  the  circles  g,  h,  i.  It 
is  evident,  that  the  eclipfe  or  obfeuration  of  the 
Sun  entirely  depends  on  the  pofition  of  the  node 
n,  and  the  angle  of  inclination  fnd.  If  the  angle 
of  inclination  remain  unaltered  while  the  node  n 
is  very  remote  from  the  center  k.  of  the  Sun,  the 
points  k and  l may  be  farther  apart  than  to  permit 
any  occultation  or  apparent  contaft  : and  it  is  clear, 
that  an  enlargement  of  the  angle  fnd  may  produce 
the  fame  effect : on  the  contrary,  an  approach  or 
coincidence  of  n with  k,  or  a diminution  of  the 
angle  fnd  may  caufe  an  eclipfe,  the  quantity  of 
obfeuration  in  which  will  be  fo  much  greater,  as 
thefe  circumffances  are  more  prevalent. 

e The  Sun’s  place  k in  the  ecliptic  (146,  m)  being 
known  from  tables,  together  with  the  inclination  of 
the  Moon’s  orbit,  the  place  of  the  node,  and  of 
the  Moon  itfelf,  as  likewife  the  apparent  diameters 
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of  the  luminaries  refpe&ively,  it  will  be  eafy  to 
find  the  velocity  of  the  Moon  in  elongation,  and 
confequently  the  beginning,  middle,  end,  quantity 
of  obfcuration,  and  other  requifites  concerning  the 
eclipfe.  If  the  computation  be  made  from  the  ta-  c 
bular  places  of  the  heavenly  bodies,  the  refult  will 
give  the  eclipfe  as  feen  from  the  center  of  the  Earth, 
becaufe,  in  all  tables  where  the  Earth  is  fpoken  of, 
that  center  is  meant,  except  otherwife  mentioned. 
But  it  is  required  to  determine  the  particulars  of  the  d 
eclipfe  for  a given  place  on  the  Earth’s  furface,  and 
this  includes  the  confideration  of  parallax.  The 

Sun’s  parallax  being  very  minute  (136,  n)  may  in 

this,  and  moft  other  cafes,  be  rejected : but  the 
Moon’s  parallax  is  fo  great,  that  it  is  at  leaf:  of  as 
much  confequence  as  any  other  element  whatfo- 
ever.  For,  on  this  account,  the  Moon’s  apparent 
path  as  feen  from  the  furface  of  the  Earth,  is  fo 
different  from  that  which  it  would  have  when  beheld 
from  the  center,  that  the  fame  conjunction  which 
gives  a total  eclipfe  at  one  place  fhall  not  occafion 
the  fmalleft  obfcuration  of  the  Sun  when  beheld  at 
the  fame  inftant  from  another  part  of  the  Earth. 

1 

This  method  of  computing  a folar  eclipfe  is  very 
operofe.  For  the  Moon’s  parallax  at  any  time  paft 
or  to  come  cannot  be  had  without  finding  its  al- 
titude by  fpherical  trigonometry,  and  other  com- 
putations muft  then  be  made  to  deduce  the  ap- 
parent pofitions  of  the  Sun  and  Moon  with  their 
relative  velocity,  and  fo  forth.  And  becaufe  the 
altitude  of  the  Moon  is  continually  changing,  it  is 
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necefiary  to  repeat  the  computations  of  paral-* 
lax  from  time  to  time.  To  render  this  bufinefs 
lefs  tedious,  it  hao  been  found  expedient  to  con-* 
fider  the  phenomena  of  lolar  eclipfes  as  they 
would  appear  to  an  obferver  placed  on  the  Moon. 
Let  ab  (fig.  58.)  reprefent  the  Earth,  feen  from 
the  Moon,  under  an  angle  of  about  i°.  54,  or 
double  the  Moon’s  horizontal  parallax  (141,  x), 
the  line  cd  a portion  of  the  oppofite  part  of  the 
Moon’s  orbit  in  which  the  Earth  is  feen,  the  circles 
g,  h,  1,  fhadows  of  the  Moon,  that  on  account 
of  their  always  being  diametrically  oppofite  the 
Sun,  will  be  found  to  fenfe  in  the  ecliptic,  efpe-r 
cially  when  the  Moon  is  near  the  node.  The  path 
fe  of  the  fhadow  will  therefore  make  an  angle 
f n d with  the  line  c d,  equal  to  the  inclination 
of  the  Moon’s  orbit,  and  the  interfedlion  n will 
be  as  far  diftant  from  the  center  of  the  Earth  as 
the  node  is  heliocentrically  from  the  center  of  the 
Moon.  Now  the  motion  of  the  Eardi,  in  the 
line  cd,  is  equivalent  to  the  Moon’s  apparent 
motion  in  its  orbit  feen  from  the  Earth,  and  the 
motion  of  the  fhadow  is  equivalent  to  the  Sun’s 
'motion  in  the  ecliptic.  Confequently,  the  center 
of  the  Earth  and  fhadow  of  the  Moon  may  be 
projedled  as  feen  from  the  Moon.  The  diameter 
of  the  dark  fhadow  k,  l,  or  m,  feen  from  the 
Moon,  will  be  equal  to  the  excefs  of  the  Moon’s 
apparent  diameter  beyond  that  of  the  Sun,  when 
both  are  feen  from  the  Earth  (148,  v.  149,  x),  the 
Moon’s  apparent  diameter  being  greateft,  but  if 
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it  be  the  lefs  of  the  two,  the  fhadow  will  not 
reach  the  Earth.  The  diameter  of  the  penum- 
bra c,  h,  or  1,  feen  from  the  Moon,  will  be  equal 
to  the  fum  of  the  apparent  diameters  of  the  Sun 
and  Moon,  feen  from  the  Earth  (i49>  w>  x)’ 
With  thefe  data  the  eclipfe  may  be  conftrudted 

univerfally, 

But  in  conftruding  the  eclipfe  for  a particular  o 
place,  the  rotation  of  the  Earth  on  its  axis  muft 
be  brought  into  confideration.  tor  while  the 
fhadow  paffes  over  the  Earth's  difc,  a given  place 
p will  be  carried  round  in  its  parallel  of  latitude, 
and  may  likewife  be  marked  in  the  projection  for 
any  inftant  of  time.  When  the  place  enters  the  pe- 
numbra, the  eclipfe  will  begin  there;  when  the  place 
and  the  center  of  the  fhadow  are  the  neareft,  the  ob- 
fcuration  will  be  greateft,  and  when  the  penumbra 
leaves  the  place,  the  eclipfe  will  end.  If  there  be 
a dark  fhadow,  and  it  paffes  over  the  place,  the 
eclipfe  will  be  total.  If  there  be  no  dark  fhadow, 
and  the  place  fhould  pafs  within  the  penumbra  to 
a depth  exceeding  the  Moon’s  apparent  diameter, 
the  Sun  will  be  feen  environing  the  Moon  on  all 
fides;  whence  the  eclipfe  is  faid  to  be  annular 
(148,  s).  And,  in  general,  in  any  folar  eclipfe 
that  is  not  annular,  the  diftance  of  the  place  with- 
in the  penumbra  will  meafure  the  greateft  fedtion 
or  part  of  a diameter  of  the  Sun  obfcured  at  that 
inftant,  and  the  line  joining  the  cufps,  or  angular 
termination  of  the  apparent  part  of  the  Sun,  will 

be  at  right  angles  to  the  meafuring  lint  or  dia- 
meter, 
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meter,  of  which  the  meafuring  line  reprefents  a 
part. 

We  are  now  to  confider  an  eclipfe  of  the  Moon. 
It  is  evident,  that  the  difference  in  the  phenomena 
of  a folar  eclipfe  would  not  take  place  if  the  pa- 
rallax of  each  luminary  were  the  fame ; becaufe, 
whatever  mutation  of  place  the  parallax  might  oc- 
cafion  in  the  one,  the  fame  would  be  produced  in 
the  other,  and  they  would  neither  approach  nor  re- 
cede from  each  other  on  that  account.  Now  the 
fedtion  of  the  Earth’s  fhadow  paffed  through  by 
the  Moon  in  a lunar  eclipfe,  being  at  the  fame 
diftance  from  the  Earth  as  the  Moon  itfelf,  muff 
be  fubjedt  to  the  fame  parallax  at  equal  altitudes; 
and  fince  the  individual  points  of  immerfion,  emer- 
fion,  or  other  periods  of  the  eclipfe  muft  in  the 
fhadow  have  the  fame  altitudes  as  the  parts  of  the 
Moon  they,  as  it  were,  lie  on  and  obfcure,  the  ef- 
fects of  parallax  muft  be  the  fame  on  both.  Re- 
jecting therefore  the  confideration  of  parallax,  the 
Earth’s  fhadow  ab  (fig.  59.)  may  betaken  to  oc- 
cupy a place  in  the  heavens  diametrically  oppofite 
the  Sun,  and  having  an  equal  and  fimilar  motion 
to  the  apparent  motion  of  that  luminary,  its  ap- 
parent diameter,  feen  from  the  Earth,  will  be  equal 
to  the  difference  between  the  apparent  diameters  of 
the  Earth  and  Sun,  as  feen  from  the  Moon  (148,  v). 
Or  it  will  be  equal  to  twice  the  horizontal  parallax 
of  the  Moon  diminifhed  by  the  fubtradtion  of  the 
Sun’s  apparent  diameter.  And  if  the  inclination  of  the 
orbit  of  the  Moon  be  found,  there  will  be  a certain 
2 diftance 
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diftanccof  the  node  n from  the  center  of  the  fhadow 
c,  that  will  require  the  Moon  near  the  oppofition 
to  pafs  through  the  Earth’s  fhadow,  and  be  con- 
fequently  eclipfed.  From  the  greater  or  lefs  di- 
ftance  of  the  node  n,  or  m,  it  will  be  determined 
whether  the  eclipfe  will  be  partial  or  total ; and 
from  the  refpeCtive  places,  the  quantity  and  direc- 
tion of  the  relative  velocity,  together  with  the  ap- 
parent magnitudes  of  the  fhadow  and  the  Moon, 
all  the  particulars  of  the  eclipfe  may  be  known 
without  difficulty. 

It  may  with  great  reafon  be  demanded,  how  it 
happens  that  the  Moon,  which  is  affirmed  to  emit 
no  light  of  itfelf,  but  only  by  reflection  of  the  Sun, 
is  neverthelefs  fufficiently  luminous,  even  in  the 
very  middle  of  a total  eclipfe,  to  be  diftinCtly  feen 
of  a dufky  reddiffi  color.  The  Earth’s  atmofphere, 
or  body  of  air  that  furrounds  it,  is  the  caufe  of 
this  phenomenon.  In  faCt,  the  fhadow  of  the 
Earth  itfelf  never  extends  fo  far  as  the  Moon’s  or- 
bit, though  the  fhadow  occafioned  by  the  difper- 
fion  or  reflection  of  the  light  that  falls  on  the  at- 
mofphere may,  with  a very  fmall  allowance,  be 
taken  for  the  fhadow  which  the  Earth  would  have 
had  if  the  light  had  paffed  clofe  by  it  without  in- 
terruption. We  cannot  with  regularity  explain  the 
refraction  of  light  in  this  place.  It  will  therefore 
be  fufficient  to  obferve,  that  in  the  event  now  under 
confideration  the  Sun’s  light  falling  obliquely  on 
the  atmofphere,  is  bent  or  turned  out  of  its  courfe 
fo  as  to  converge  fooner  to  a point,  than  it  would 
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otherwife  have  done  j the  fpherical  atmolphere  per- 
forming, in  fome  meafure,  the  office  of  a large 
convex  lens,  or  burning-glafs.  The  more  obliquely 
the  rays  fall,  the  greater  is  their  deviation  from 
their  original  courfe  i and  thofe  rays  that  pa fs  ciofe 
to  the  Earth  are  found,  by  obfervations  on  the 
fetting  Sun  and  other  heavenly  bodies,  to  fuffer  a 
refradtion  of  about  33  minutes  of  meafure.  The 
laws  of  optics,  hereafter  to  be  explained,  require 
that  they  ffiould  undergo  an  equal  refraction  in 
paffing  out  through  the  oppofite  part  of  the  at- 
l mofphere.  Each  exterior  ray  of  the  real  ffiadow 
will  therefore  pafs  66  minutes  within  the  rays 
that  would  have  formed  the  cone  cicd,  fig.  55. 
and  confequently,  the  angle  at  the  vertex  of  the 
cone  will  be  132  minutes,  or  20.  12'  greater  than 
it  would  have  been  ; that  is,  it  will  be  equal  to 
the  diameter  of  the  Sun  32  (148,  t),  added  to 
h 2°.  1 2 , which  gives  20.  44'.  Hence  the  axis  of 
die  cone,  or  length  of  the  ffiadow,  is  found  to  be 
no  moie  than  42.  femidiameters  of  the  Earth  j where- 
as the  radius  of  the  Moon’s  orbit,  or  mean  di- 
flan  ce  of  the  Moon,  is  about  60  lemidiameters 
n of  the  Eaith.  In  the  ipace  between  the  penumbra  * 
and  the  Earth  s real  fhadow  it  is  much  darker  than 
the  penumbra,  though  tnat  Ipace  is  illuminated  by 
the  rays  of  the  Sun,  which  are  varioufly  refradted,  ac- 
cording to  the  denfity  of  the  air  they  pafs  through. 
Many  rays  are  refiedted  back,  and  the  rays  that^go 
forward  are  fuch  whofe  nature  does  not  admit  of 
their  being  eafily  refiedted.  We  are  to  ffiew  in 
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future  that  thefe  are  the  red,  orange,  and  yellow. 
Hence  it  is  that  the  Moon  in  an  eclipfe  appears  o 
red;  and  a fpe&ator  on  the  Moon  would,  after 
lofing  fight  of  the  Sun,  behold  the  Earth  envi- 
vironed  with  a narrow  luminous  edge  of  bright 
red  light,  fhaded  off  with  yellow  on  die  outfide. 

Since  the  Earth,  when  beheld  from  the  Moon,  p 
muff  always  appear  in  the  part  of  the  heavens  im- 
mediately oppofite  the  Moon’s  apparent  place 
as  feen  from  the  Earth,  the  enlightened  fide  of  the 
Earth  will  have  the  fame  figure,  when  feen  from 
the  Moon,  as  the  dark  fide  of  the  Moon  would 
exhibit  if  it  could  be  feen  at  the  fame  infbant  from 
the  Earth.  Thus,  when  the  Moon  is  invifible,  or 
near  the  conjunction,  the  Earth  is  in  oppofition, 
and  prelents  a full  luminous  face  to  the  Moon ; 
and  on  the  contrary,  when  the  Moon  is  at  the 
full,  or  oppofite  the  Sun,  it  muff  be  on  the  dark 
fide  of  the  Earth,  which  confequently  then  be- 
comes invifible.  Near  the  beginning  of  the  firft 
or  end  of  the  laft  quarter,  the  dark  fide  of  the 
Moon  is  rendered  vifible  by  the  full  Earth  fhining 
on  it,  but  is  fcarcely  fo  luminous  as  the  Moon 
when  eclipfed.  The  Earth’s  difc,  feen  from  the 
Moon,  is  about  thirteen  times  that  of  the  Moon 
feen  from  the  Earth.  If  the  Earth  refle&ed  as 
great  a part  of  the  light  that  falls  on  it  as  the 
Moon  does,  its  light  at  the  Moon  would  exceed 
the  moon-light  with  us  in' that  ratio.  This,  how- 
ever, is  not  probable,  though  it  may  fairly  be  fup- 
poled  that  it  is  three  or  four  times  as  great.  But 
I we 
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we  have  already  obferved  that  the  Earth’s  atmof- 
phere,  in  a lunar  eclipfe,  illuminates  the  Moon 
Cl,  rather  more  than  this.  Whence  it  follows,  that 
the  narrow  ring  of  light  encircling  the  Earth, 
when  feen  from  the  Moon  during  an  eclipfe,  gives 
a light  far  'exceeding  our  moon-light  at  the  full,  or 
even  that  of  the  Earth’s  full  face  fhining  on  the 
Moon  : and  as  the  furface  of  the  ring,  by  compu- 
tation, can  hardly  equal  the  one  hundredth  part 
of  the  Earth’s  difk,  or  the  one  eighth  part  of  the 
Moon’s  difk,  its  brightnefs  will  be  more  than 
twenty-four  times  that  of  the  Moon.  It  muft  con- 
fequently  be  very  luminous  and  dazzling. 

Notwithftanding  this,  there  have  been  eclipfes 
of  the  Moon,  when  in  that  part  of  its  orbit  near 
the  Earth,  in  which  that  luminary  entirely  difap- 
peared.  'But  thefe  obfervations  are  very  rare. 
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OF  COMETS  J AND  OF  THE  PROPORTION  OF  LIGHT 
AND  HEAT  ON  THE  PLANETS. 

BESIDES  the  feven  primary  planets  already  r 
enumerated,  and  their  moons  or  attendants, 
there  arc  other  bodies  that  revolve  round  the  Sun, 
and  claim  peculiar  dillinflion  on  feveral  ac- 
counts. Thefe  are  called  Comets,  and  appear  oc- 
cafionally  in  every  part  of  die  heavens ; their 
motions  being  performed  in  very  long  ellipfes, 
whole  lower  focus  is  in  or  near  the  Sun.  By  ob-  s 
fervations  of  parallax  it  is  found,  that  at  their 
firft  appearance  they  are  nearer  to  us  than  Jupiter; 
whence  it  is  concluded,  that  they  are  moll  com- 
monly lefs  than  that  planet ; for  if  they  were  as 
large  as  Saturn,  they  would  be  feen  as  far  off. 

When  a comet  arrives  within  a certain  diltance  x 
of  the  Sun,  it  emits  a fume  or  vapour,  which  is 
called  its  tail.  This  Ihews  that  they  contain  a por- 
tion of  matter  considerably  more  rare  and  volatile 
than  any  on  the  Earth;  for  the  tail-  begins  to  ap- 
pear while  they  are  yet  in  a higher,  and  conic- 
quently  colder  region  than  Mars.  The  tail  is  al- 
ways direfted  to  that  part  of  the  heavens  which  is 
direfrly  or  nearly  oppofite  to  the  Sun ; and  is 
greater  after  the  comet  has  pall  its  perihelium,  than 
during  its  approach  towards  it;  being  greatell  ot 
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all  at  the  time  when  it  has  juft  paft  the  perihe- 
Hum. 

s That  part  of  a comet’s  orbit  which  comes  un^ 
der  our  obfervation  is  fo  finall  in  proportion  to 
the  whole,  that  in  moft  it  does  not  differ  from  a 
parabola,  by  quantities  that  obfervation  can  diftin- 
guiih  : for  which  reafon  the  dimenfions  of  their 
orbits  and  periodical  times  cannot  be  determined 
with  any  degree  of  prccifion  from  a fingle  appear- 

v ance.  But  from  the  re-appearance  of  comets  after 
long  intervals  of  time  in  the  fame  region  of  the 
heavens,  and  moving  in  the  fame  curve,  it  is  de- 
cided that  they  revolve  about  the  Sun  in  very  long 
or  eccentric  ellipfes  ; being  governed  throughout 
by  the  fame  law  of  defcribing  equal  areas  in  equal 
times,  which  is  found  to  take  place  in  the  inferior 
part  of  their  orbits.  The  comet  that  appeared  in 
the  year  1 66 1 was  feen  before  in  the  fame  orbit, 
and  under  the  fame  circumftances  in  the  year 
1532  -r  which  lhews  its  period  to  be  129  years  : if 
it  re-appears  in  the  year  1790,  its  identity  will  be 
yet  further  confirmed.  So  likewife,  the  comet 
that  appeared  in  the  years  1456,  1531,  1607,  1682, 
and  1759,  is  determined  to  revolve  in  a period  of 
about  feventy-fix  years.  And  that  very  remark- 
able comet  which  -was  obfervcd  in  the  year  1680, 
is  fhewn  to  be  the  fame  with  that  which  appeared 
in  the  year  1106;  its  period  being  575  years.  The 
diftance  of  this  comet  from  the  Sun,  when  in  its 
peri  helium,  was  to  the  diftance  of  the  Earth  from 
the  fame,  in  round  numbers,  as  6 to  1000:  its 
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heat  therefore  at  that  time  was  to  the  heat  of  the 
fummer’s  fun  with  us,  as  ioooooo  to  36,  or  as  28000 
to  1.  But  the  heat  of  boiling  water  is  about  three 
times  the  heat  which  dry  earth  acquires  from  the 
fummer’s  fun  and  the  heat  of  red-hot  iron  may 
be  about  3 or  4 times  as  great  as  that  of  boiling 
water.  And  therefore,  the  heat  which  the  furface 
of  the  Comet  would  have  acquired  on  the  fuppo- 
fition  of  its  being  compofed  of  dry  earth,  is  about 
2000  times  greater  than  that  of  red-hot  iron.  By 
fo  fierce  a heat,  there  is  no  doubt  but  vapours,  ex- 
halations, and  every  volatile  matter  muff  have 
been  immediately  confumed  and  difiipated. 

The  number  of  comets  is  very  much  greater  vv 
than  that  of  the  planets  which  move  in  the  vicinity 
of  the  Sun.  From  the  reports  of  former  hiftorians, 
as  well  as  from  the  obfervations  of  late  years,  it  is 
afcertained,  that  more  than  four  hundred  and  fifty 
have  been  feen  previous  to  the  year  1771  : and 
when  the  attention  of  aftronomers  was  called 
to  this  objedt  by  the  expedition  of  the  return  of 
the  comet  of  1759;  no  ^ewer  t^an  feven  were  ob- 
ferved  in  the  courfe  of  feven  years.  From  this 
circumftance,  and  the  probability  that  all  the  comets 
recorded  in  ancient  authors  were  of  confiderable 
apparent  magnitude,  while  the  fmaller  were  over- 
looked, it  is  reafonable  to  conclude,  that  the  num- 
ber of  comets  is  confiderably  beyond  any  eitima- 
tion  that  might  be  made  from  the  obfervations 
we  now  pofiefs.  But  the  number  of  comets  whofe  x 
orbits  are  fettled  with  fufficient  accuracy  to  after- 
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tain  their  identity  when  they  may  appear  again  is 
no  more  than  fifty-nine,  reckoning  as  late  as  the 
y year  1771.  The  orbits  of  molt  of  thefe  are  in- 
clined to  the  plane  of  the  ecliptic  in  large  angles, 
and  the  greater  number  of  them  approached  nearer 
z the  Sun  than  the  Earth  ever  does.  Their  motions 
in  the  heavens  are  not  all  in  the  order  of  the 
figns,  or  direct,  like  thofe  of  the  planets  : but  the 
number  whofe  motion  is  retrograde  is  nearly  equal 
to  that  of  thofe  whofe  motion  is  direft. 

A It  is  not  neceffary  in  this  work,  to  enter  fully 
into  the  confideration  of  final  caufes;  more  par- 
ticularly as  the  fubjeft  has  embarraffed  the  greateft 
metaphyficians,  and  may  with  juftice  be  faid 
to  be  too  extended  for  the  human  powers.  In 
every  thing  we  fee,  the  phenomena  confidered 
fingly,  are  neceffary  confequences  of  certain  ge- 
neral laws,  to  which  the  imiverfe  appears  to  be  fub- 
jedlcd : but  when  they  are  confidered  in  a collec- 
tive view,  a certain  relation,  or  fitnefs  for  pro- 
ducing fome  general  effects,  is  feen,  which  by  no 
means  depends  on  the  fame  laws,  and  by  analogy 
is  referred  to  the  operation  of  an  intelligent  agent. 
To  illuflrate  this  by  example,  we  may  obferve, 
that  in  the  well-known  inftrumertt  called  feiffars,  it 
follows  neceffarily  from  the  laws  of  motion,  al- 
ready explained  in  the  mechanical  powen  (60,  c. 
67,  h),  that  the  blades  will  cut  or  divide  certain 
fubftances  expofed  to  their  adtion  ; but  if  we  con- 
fider  the  various  circumftances  that  co-operate  in 
producing  this  effedt,  we  muft  difclaim  all  reafon- 
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-ing  from  analogy  before  we  can  refolve  their  con- 
nexion into  an  effed  of  thofe  laws,  without  fup- 
pofing  the  agency  of  an  intelligent  being  as  the 
caufe  of  their  union,  and  concluding  that  it  was 
intended  they  fhould  jointly  concur  in  one  pur- 
pole.  It  is  to  this  being  that  we  refer,  in  order 
to  decide,  why  the  fharp  edges  were  made  on  the 
inner,  rather  than  on  the  outer,  part  Cl  each  blade  . 
why  the  other  extremities  have  annular  termina- 
tions 1 why  the  inftrument  is  made  cf  fteel  lather 
than  lead  ■,  and  fo  forth.  The  purpofes  or  mo- 
tives which  determine  the  adions  of  intelligent 
beings,  and  produce  their  effeds  in  a manner  fimi- 
lar  to  the  operation  of  the  laws  of  nature  or  pro- 
perties of  matter  in  cafes  where  thought  is  not  fup- 
pofed  to  be  concerned,  are  called  final  caufes. 

In  the  works  of  nature  we  behold  enough  of  ex-  b 
quifite  contrivance,  and  can  fee  far  enough  into 
many  final  caules  to  convince  us  tnat  the  airange- 
ment  of  the  univerfe  has  been  made,  and  probably 
is  ftill  occafionally  adj ufted  by  a being  whofe  in- 
telligence and  power  is  immenfely  beyond  tnat 
which  we  poffefs.  To  judge  properly  of  his  in-  c 
tentions,  or  in  other  words,  to  be  equal  to  the  talk 
of  exploring  the  fcience  of  final  caufes,  requires  no 
lefs  than  a perfed  knowledge  and  recolledion  of 
every  purpofe  to  which  the  objeds  around  11s  may 
be  applied,  together  with  a clear  conception  01 
the  ideas  of  fitnefs  and  order  that  form  the  pi  010- 
types  in  the  mind  of  that  great  being  who  direds  their 
motions.  Thefe  confiderations  fhew  the  abfuidity  r> 
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of  attempting  to  explain  the  final  caufes  of  every 
event  we  fee,  but  they  by  no  means  require  that  | 
we  fhould  needed  them  in  cafes  where  we  have 

. O 

reafon  to  believe  we  underftand  the  phenomena, 
and  have  fufficient  experience  to  be  allured  that 
we  difcern  the  principal,  or  at  leaf:  one  of  the 
principal  purpofes  to  which  things  may  have  been 
deftined^  Thus,  it  is  fcarcely  to  be  imagined  that 
we  can  err  in  concluding,  that  the  eyes,  ears,  legs, 
wings,  and  other  parts  of  animals  were  made  for 
the  purpofes  of  feeing,  hearing,  walking,  flying, 
and  fo  forth.  Neither  can  we  avoid  inferring,  that 
the  power  who  conftruded  living  creatures  with 
mouths,  teeth,  and  organs  to  digeft  and  afiimi- 
late  food  for  their  nutriment,  did  likewife  form 
other  organized  bodies,  which  we  call  vegetables, 
for  the  exprefs  purpofe  of  affording  that  food.  It 
is  needlefs  to  multiply  inllances.  We  cannot  avoid 
feeing  them  every  moment,  and  their  effied  is  fo 
ftriking,  that  we  are  infenfibly  forced  from  ana- 
logy to  allow  the  exiftence  of  a final  caufe  in 
all  cafes,  whether  we  are  able  to  difcover  it 
or  no. 

On  this  ground,  an  enquiry  into  the  final  caufes 
of  the  planetary  bodies  offers  itfelf  to  our  confide- 
ration.  The  earth  is  fhewn  to  be  a planet  in  cir* 
cumftances  very  fimilar  to  the  other  five  : we  know 
its  final  caufe — to  fupport  a number  of  inhabi- 
tants. And  by  analogy,  we  may  conclude,  that 
the  others  are  alfo  habitable  worlds  $ though  from 
their  different  proportions  of  heat  it  is  credible, 

that 
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that  beings  of  our  make  and  temperature  could  not 
live  upon  them.  However,  even  that  can  Icarcely 
be  affirmed  of  all  the  planets : for  the  warmeft  cli- 
mate on  the  planet  Mars  is  not  colder  than  many 
parts  of  Norway  or  Lapland  are  in  the  fpring  or 
autumn.  Jupiter,  Saturn,  and  the  Georgium  Si- 
dus,  it  muft  be  granted,  are  colder  than  any  of  the 
inhabited  parts  of  our  globe.  The  greateft  heat 
on  the  planet  Venus,  exceeds  the  heat  in  the  ifland 
of  St.  Thomas  on  the  coaft  of  Guinea,  or  Suma- 
tra, in  the  Eaft  Indies,  about  as  much  as  the  heat 
in  thole  places  exceeds  that  of  the  Orkney  i Hands,  or 
that  of  the  city  of  Stockholm  in  Sweden : there- 
fore, at  60  degrees  north  latitude  on  that  planet, 
if  its  axis  were  perpendicular  to  the  plane  of  its 
orbit,  the  heat  would  not  exceed  the  greateft  heat 
of  the  Earth,  and  of  courfe,  vegetation  like  ours 
might  be  there  carried  on,  and  animals  of  the  fpe- 
cies  on  Earth  might  fubfift.  If  Mercury’s  axis 
'be  fuppofed  to  have  a like  pofition,  a circle  round 
each  pole  of  about  20  degrees  diameter  would  enjoy 
the  fame  temperature  as  the  warmer  regions  of  the 
Earth,  though  in  its  hotteft  climate  water  would 
continually  boil,  and  moft  inflammable  iubftanccs 
would  be  parched  up,  deftroyed,  or  diffipated  into 
vapor.  But  it  is  not  at  all  neceftary  that  the  planets 
Ihould  be  peopled  with  animals  like  thofe  on  the 
Earth  : the  Creator  has  doubtlefs  adapted  the  in-' 
habitants  of  each  to  their  fituation. 

From  the  obfervations  that  have  juft  been  made,  r 
a better  idea  may  be  formed  of  the  proportions  of 
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heat  on  the  planets  than  can  be  conveyed  by  num- 
bers. It  will  not  however  be  remote  from  our  pur- 
pole  to  compare  the  light  of  the  fuper ioi  planets 
with  that  of  our  day,  from  whence  it  will  appear, 
that  they  are  by  no  means  in  a ftate  of  darknefs, 
notwithstanding  their  great  diftance  from  the  Sun. 
This  might  be  inftanced  by  feveral  different  me- 
thods, as  by  the  Sun’s  light  admitted  into  a dark 
chamber,  and  received  on  paper  with  different  de- 
grees of  obliquity ; by  a greater  or  lefs  number  of 
candles  brought  into  a room  for  the  purpofe  of 
illuminating  it  with  different  proportions  of  light  ; 
or  by  vatious  optical  methods  that  need  not  be 
here  deferibed.  It  will  be  fuffeient  for  the  illu- 
flration  of  the  fubject  to  compare  their  different 
proportions  of  light  with  that  of  a moonfhine  night 
at  the  time  of  the  full. 

c When  the  Moon  is  vifible  in  the  day-time,  its 
light  is  fo  nearly  equal  to  that  of  the  lighter  thin 
clouds,  that  it  is  with  difficulty  diftinguifhed 
amongfl-  them,  Its  light  continues  the  fame  during 
the  night  j but  the  abfence  of  the  Sun,  fuffering 
the  aperture  or  pupil  of  the  eye  to  dilate  itfelf, 
renders  it  more  confpicuous.  It  therefore  follows, 
that  if  every  part  of  the  fky  were  equally  luminous 
with  the  Moon’s  dife,  the  light  would  be  the  fame 
as  if,  in  the  day-time,  it  were  covered  with  the 
thin  clouds  aboye-mentioned.  This  day -light  is 
confequently  in  proportion  to  that  of  the  Moon^ 
as  the  whole  furface  of  the  fky,  or  vifible  hemifphere, 
is  to  the  furface  of  the  Moon  3 that  is  to  fay,  near- 
ly 
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ly  as  90,000  to  1.  The  light  of  the  Georgium  h 
Sidus  being  to  that  of  the  Earth  as  0.276  to  100, 
will  be  equal  to  the  effect  of  248  full  Moons.  The 
light  of  Saturn  will  be  equal  to  that  of  990  full 
Moons  : Jupiter’s  day  will  equal  the  light  of  3330 
Moons,  and  that  of  Mars  will  require  38,700,  a 
number  fo  great,  that  they  would  almoft  touch 
one  another.  It  is  even  probable,  that  the  Comets, 
in  the  molt  diftant  parts  of  their  orbits,  enjoy  a 
degree  of  light  much  exceeding  moonfhine. 

If  the  Comets  be  habitable,  they  muft  be  pof-  ? 
felled  by  creatures  very  different  from  any  we 
have  been  ufed  to  behold  and  confider.  There  are, 
however,  many  other  ufes  for  which  it  is  probable 
they  may  have  been  formed : the  matter  that  compoles 
their  tails  muff  fall  in  procefs  of  time  to  the  Sun  or 
the  neareft  planet  that  may  pafs  through  it,  where 
it  may  fuppiy  defects,  and  anfwer  purpofes  which 
our  total  ignorance  of  its  properties  fcarcely  allows 
us  even  to  conjecture.  In  the  Sun  it  may  ferve  to 
recruit  the  wafte  of  matter  that  luminary  muft 
luffer  by  the  conftant  emiffion  of  the  particles  of 
light.  After  a great  number  of  revolutions,  the 
refiftance  of  the  Sun’s  atmofphere,  and  a concur- 
rence of  circumftances  may  occafion  the  comet  it- 
felf  to  approach  the  Sun,  and  at  length  fall  into 
it,  and  become  a part  of  its  body. 
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CHAP.  XI. 

OF  THE  TELESCOPIC  APPEARANCE  OF  THE  MOON, 

K ri^HE  obfcrvations  which  might  confirm  the 
JL  hypothefis  of  planetary  worlds  feem  to 
be  placed  beyond  our  power.  We  can  fcarcely 
hope  to  make  optical  inftruments  fufficiently  per- 
fect to  render  their  inhabitants  vifible  to  us.  The 
grofs  air  that  furrounds  us,  is  a great  impediment 
to  the  ufe  of  thofe  we  already  pofiefs,  and  limits 
their  perfection  to  a certain  degree,  beyond  which 
we  cannot  pafs.  All,  therefore,  that  we  can 
do,  is  to  examine  if  the  planets  are  accommodated 
with  thofe  things  which  we  are  ufed  to  confider 
as  necefiary  to  animal  exiflence.  Lands,  feas, 
clouds,  vapours,  and  an  atmofphere  or  body  of 
air,  are  obje&s  that  we  may  expect  to  find  on  the 
face  of  a habitable  world  : it  is  our  prefent  bu- 
ll nefs  to  relate  what  has  been  done  in  this  re- 
fpeCt. 

L The  Moon  being  fo  veiy  near  us,  and  likewife 
in  the  fame  temperature  as  to  light  and  heat,  of- 
fers itfelf  as  the  fitteft  body  for  examination.  We 
difcern  a variety  of  fpots  with  the  naked  eye, 
whicl)  the  imagination  naturally  fuppofes  to  be 
feas,  continents,  and  the  like ; but  on  a more  ac- 
curate infpeCtion,  with  the  affiftance  of  the  telef- 
rope,  it  is  perceived,  that  many  of  thofe  appear- 
ances are  occafioned  by  vaft  obfcure  pits  or  cavi- 
ties, 
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ties,  and  elevations  or  mountains.  The  heights  of  1 
thefe  mountains  may  eafily  be  found ; for  by  the 
horizontal  parallax  v/e  know  that  the  Earth’s  appa- 
rent diameter,  feen  from  the  Moon  at  its  mean  dis- 
tance, is  i°54'  (132,  x)  or  6840  feconds,  while  that 
of  the  Moon  feen  from  the  Earth  at  the  fame  diftance 
is  31',  2J'9,  or  1889  feconds.  Their  abfolute  dia-  m 
meters  mult  therefore  be  in  proportion  to  thefe 
numbers.  Confequently,  if  we  find  the  proportion 
the  height  of  a lunar  mountain  bears  to  the  Moon’s 
diameter,  we  may,  without  difficulty,  find  the  quan- 
tity of  that  height  in  miles  or  other  terreftrial  dimen- 
fions. 

Thefe  mountains  and  cavities  are  known  to  be  n 
fuch  from  their  ffiadows.  In  the  firfi:  and  fecond 
quarters,  when  the  Sun  ffiines  obliquely  on  the  face 
of  the  Moon,  the  eleyated  parts  caft  a triangular 
jffiadow  in  the  direction  from  the  Sun ■,  and,  on  the 
contrary,  the  cavities  are  dark  on  the  fide  next  the 
Sun,  and  illuminated  on  the  oppofite  fide.  The 
ffiadows  ffiorten  as  the  Sun  becomes  more  direftly 
oppofed  to  the  anterior  face  of  the  Moon,  and  at 
length  difappear  at  the  time  of  the  full.  During 
the  third  and  laft  quarters,  the  ffiadows  appear 
again,  but  all  fall  towards  the  contrary  fide  of  the 
Moon,  though  ftill  with  the  fame  diftinftion,  name- 
ly, that  the  mountains  are  dark  and  ffiady  on  the 
fide  furthefl  from  the  Sun,  and  the  pits  are  dark  on 
the  fide  next  the  Sun.  The  fame  dedu&ion  is  obtain- 
ed by  contemplating  the  inner  illuminated  edge  of 
the  Moon.  If  the  Moon  were  a perfect  fphere,  this 

edge 


LUNAR  MOUNTAINS. 


570 

edge  would  be  a regular  curve,  but  if  its  furface  be 
diverfified  by  hills  and  cavities,  it  is  evident  that  the 
higher  parts  muft  be  enlightened  fooner,  and  the 
cavities  later  than  the  reft  of  the  furface.  This  is 
accordingly  the  cafe,  and  affords  a method  of  ob- 
taining the  heights  of  the  mountains. 

To  render  the  explanation  eafier,  we  fhall  fup- 
pofe  the  Moon  to  be  in  its  quadrature,  and  the 
mountain  to  be  fituated  near  the  Moon’s  apparent 
center. 

Let  the  circle  abdg  (fig.  61,)  reprefent  the 
Moon,  whofe  center  is  c ; and  e the  Earth  : then  a 
fpe&aior  at  e will  fee  the  Moon  enlightened  in  the 
half  a o d,  and  the  line  e c will  pais  through  a,  or 
the  inner  enlightened  edge.  The  ray  of  light  sab 
touching  the  Moon  at  a,  will  crofs  the  line  e c at 
right  angles,  and  illuminate  die  top  of  the  moun- 
tain b.  The  angle  aee  is  found  by  obfervation. 


then,  in  the  triangle  aeb. 

As  the  co-fine  of  the  obferved  angle  - aeb 
Is  to  the  Moon’s  diftance  - - ae, 

So  is  the  fine  of  the  obferved  angle  - aeb. 
To  the  fide  or  line  - - ab. 


Then  in  the  right  angled  triangle  cab,  the  fides 
c a and  a b being  known,  the  fide  c b is  found  from 
the  well  known  property  (Euclid  I.  47.);  that  is 
to  fay,  the  fquare  of  the  Moon’s  femidiameter  c a 
being  added  to  the  fquai::  of  the  line  ab,  the  fquare 
root  of  the  fum  is  the  fide  c b.  And  if  the  lemidi- 
ameter  of  the  Moon  c f be  taken  from  the  line  c b, 
the  remainder  is  f b,  or  the  height  of  the  mountain. 

From 
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From  obfervations  of  this  kind,  it  appears  that  p 
the  lunar  mountains  are  much  higher  ui  proportion 
to  its  radius  than  any  we  have  upon  the  Earth. 

That  the  Moon  is  furrounded  by  an  atmofphere 
or  body  of  air,  is  rendered  probable  by  many  ob- 
fervations  of  folar  ecliples,  in  which  the  limb  or 
edo-e  of  the  Sun  was  obferved  to  tremble  juft  be- 
fore  the  beginning.  The  planets  likewi£e  are 
obferved  to  change  their  figure  from  round  to  oval 
juft  before  the  beginning  of  an  occultation  behind 
the  Moon  ; which  can  be  attributed  to  no  other 
caufe,  than  that  their  light  is  refratted,  being  feen 
through  the  Moon’s  atmofphere.  Many  aftrono- 
mers  are  of  opinion,  that  the  Moon  has  no  atmo- 
fphere, becaufe  we  fee  no  clouds,  and  becaufe  the 
fixed  ftars  difappear  at  once  at  the  time  of  an  oc- 
cultation without  any  gradual  diminution  of  light, 
which  they  fuppofe  ought  to  take  place.  But  if  we 
confider  the  effeft  of  days  and  nights  near  thirty 
times  as  long  as  with  us,  we  may  readily  grant  that 
the  phenomena  of  vapours  and  meteors  may  be 
very  different : perhaps  their  clouds  and  rain,  if 
any,  may  be  condenled  into  vifible  quantities,  only 
during  the  abfence  of  the  Sun,  and  if  fo,  it  is  no 
wonder  that  we  never  fee  them.  With  refpetft  to 
the  fixed  ftars,  it  is  plain,  that  granting  the  Moon 
to  have  an  atmofphere  of  the  fame  nature  and  quan- 
tity as  ours,  no  fuch  effetft  as  a gradual  diminution 
of  light  ought  to  take  place,  at  leaft  as  to  fenfe. 
Our  atmofphere  is  found  to  be  fo  rare  at  the  height 
of  44  miles,  as  to  be  incapable  of  acting  on  the 
2 rays 
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rays  of  light.  This  height  is  the  180th  part  of  the 
Earth’s  diameter ; but  fince  clouds  are  never  ob- 
ferved  higher  than  four  miles,  we  muft  conclude 
that  the  vaporous  or  obfcurepart  is  but  the  1930th 
part.  The  mean  apparent  diameter  of  the  Moon 
is  31'  29  , or  i889  feconds;  therefore,  the  obfcure, 
part  of  its  atmofphere,  when  viewed  from  the  Earth 
muft  fubtend  an  angle  oflefs  than  one  fecond,  which 
fpace  is  pafled  over  by  the  Moon  in  lefs  than  two  fe- 
conds  of  time  ; a fpace  and  time  fo  fhort,  that  it  can 
hardly  be  expedited  that  obfervation  can  in  general 
determine  whether  the  fuppofed  obfcuration  takes 
place  or  not. 

r It  muft  however,  be  allowed,  that  the  Moon’s 
atmofphere,  if  it  has  one,  is  certainly  much  lefs 
confiderable  than  that  of  the  Earth.  For  there  is  fel- 
dom  any  appearance,  in  an  eclipfe  of  the  Sun,  of  the 
remarkable  phenomenon  (158,  qJ)>  that  the  Earth’s 
atmofphere  is  (hewn  to  produce  in  a lunar  eclipfe  *. 
s The  Moon  turns  round  on  its  own  axis  once  ih 
the  time  of  its  periodical  revolution.  This  is  evi- 
dent, becaufe  the  fame  face  or  fide  is  conftantly 
turned  towards  us.  For  a fpe&ator  on  the  Moon 
will  fee  the  Earth  carried  through  every  part  of  the 
ecliptic  in  the  courfe  of  one  revolution  ; and  as  the 
fame  face  of  the  Moon  is  conftantly  turned  towards 
the  Earth,  it  muft:  be  fuccefilvely  turned  to  every 
part  of  the  ecliptic  to  which  the  Earth  apparently 

* Sec  Philofophical  Tranfa&ions,  Anno  1779,  ^*or  an  ac" 
count  of  the  folar  eclipfe  of  June  24,  1778,  in  which  this 
appearance  was  feen  by  Don  Ar.tonio  Ullca. 
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moves.  But  if  it  be  fuccefiively  turned  to  every 
part  of  a great  circle  in  the  heavens,  it  muft  revolve 
on  its  axis.  By  this  flow  rotation,  it  appears,  that 
the  inhabitants  of  the  Moon  have  but  one  day  and 
night  in  the  courfe  of  a month. 

This  rotation  on  its  axis  is  the  moll  uniform  t 
motion  the  Moon  has  ; but  its  uniformity  occafions  a 
feeming  irregularity,  which  is  termed  the  libration. 
For  as  the  Moon’s  motion  in  its  orbit  was  (hewn  to 
be  not  uniform  (143,  f)  the  effedt  it  has  in  turning 
its  face  from  the  Earth  is  likewile  fubjedt  to  the  fame 
irregularities ; for  inftance,  in  the  fwifteft  part  of 
the  revolution,  its  motion  in  its  orbit  turns  its  face 
from  the  Earth  fomething  more  than  the  rotation 
on  its  axis  turns  it  the  other  way,  and  therefore  it 
appears  to  have  a fmall  motion  on  its  axis  towards 
the  eaft,  by  which  fome  of  the  more  weftern  parts 
are  brought  into  view,  and  an  equal  portion  of  the 
eaftern  limb  difappcars.  In  the  flower  part  the 
contrary  is  feen,  for  then  the  rotation  on  its  axis 
prevailing,  brings  the  weftern  parts  into  view,  and 
the  eaftern  difappear.  This  is  called  libration  in 
longitude. 

There  is  another  kind  of  libration  that  arifes  u 
from  the  Moon’s  axis  being  inclined  to  the  plane  of 
its  orbit,  by  which  means  fometimes  one  of  its  poles, 
and  fometimes  the  other,  is  inclined  towards  the 
Earth.  In  confequence  of  this,  we  fee  more  or  lefs 
of  the  polar  regions  at  different  times.  This  is 
called  libration  in  latitude. 
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CHAP.  XII. 

OF  t'he  telescopic  appearances  of  the  sun 

AND  THE  PLANETS. 

V K\ T"^  H E Sun  is  not  without  .fpots  on  its  difc,  but 
JL  they  are  feldom  fo  large  as  to  be  feen  by  the 
naked  eye.  When  viewed  with  a telefcope,  the  eye 
being  defended  by  a piece  of  coloured  or  fmoked 
glafs,  they  are  found  to  appeal-  in  various  forms  and 
numbers.  The  larger  fpots,  mold  of  which  exceed 
the  whole  Earth  in  apparent  magnitude,  laft  a con- 
fiderable  time;  l'ometimes  three  months  before  they 
difappear,  at  which  time  they  are  generally  con- 
verted into  faculre,  or  fpots  which  exceed  the  reft  of 
the  Sun  in  brightnefs.  They  are  of  no  conftant 
figure,  frequently  changing  during  the  time  of 
obfervation,  and  fometimes  one  dividing  into  fe- 
vcral  fmaller  ones.  In  general  they  confift  of  a nu- 
cleus or  central  part,  much  darker  than  the  reft, 
which  is  furrounded  by  a miftinefs  or  fmoke.  The 
general  opinion  concerning  them  is^  that  they  are 
occafioned  by  the  fmoke  and  opake  matter  thrown 
out  by  volcanos  or  burning  mountains  of  immenfe 
magnitude ; and  that  when  the  eruption  is  nearly 
ended,  and  the  fmoke  difilpated,  the  fierce  flames 
are  expofed,  and  appear  as  faculae,  or  luminous 
ljpots.  But  Dr.  Alexander  Wilfon  of  Glafgow  has 
eftablifhed  from  obfervation,  that  moft,  if  not  all 
the  fpotSj  are  excavations  in  the  luminous  matter 

that 
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that  environs  the  body  of  the  Sun,  probably  to  no 
great  depth*.  At  prefent  (anno  1779)  they  are 
often  feen  to  the  number  of  thirty  or  more,  but 
there  have  been  periods  of  more  than  feven  years, 
in  which  none  have  been  obferved. 

All  the  fpots  of  the  Sun  have  an  apparent  motion  w 
from  eaft  to  weft,  which  is  quicker  when  they  are 
near  the  central  regions  than  when  near  the  limb. 
This  proves  that  the  Sun  revolves  on  its  axis  from  X 
-weft  to  eaft,  and  likewife  that  its  figure  is  fpherical. 
The  period,  as  obferved  by  Caftini,  is  25  days,  14  v 
hours,  8 minutes.  From  the  line  of  the  motion  of 
the  fpots,  which  is  fonrtetimes  ftrait,  but  ofeener 
curved  or  elliptical,  it  is  difeovered  that  its  axis  is  3 
not  perpendicular  to  the  ecliptic,  but  inclined,  fo  as 
to  make  an  angle  with  the  perpendicular  of  about 
feven  degrees  and  a half. 

The  zodiacal  light  is  attributed  to  the  folar  atmo-  a 
fphere.  This  remarkable  phenomenon  accompanies 
the  Sun.  When  it  begins  to  appear  before  funrife, 
it  feems  at  firft  fight  like  a faint,  and  almoft  imper- 
ceptible, whitifh  light,  refembling  the  milky-way, 
and  ill-terminated,  which  is  almoft  confounded  with 
the  twilight  that  is  feen  commencing  near  the  ho- 
rizon. It  is  then  little  elevated,  and  its  termination 
may  fometimes  be  dilcerned  in  a conic  or  conoidal 
form.  In  fhort,  its  figure  agrees  with  that  of  a very 
fiat  or  lenticular  fpheroid  feen  in  profile.  As  it 
gradually  rifes  above  the  horizon  it  becomes  brigh- 
ter, and  larger  to  a certain  point,  that  may  be  caj- 
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led  its  maximum,  after  which  the  approach  of  day 
renders  it  gradually  lefs  apparent,  and  at  laft  invi- 
fible.  The  direction  of  its  longer  apparent  axis  is 
obferved  to  be  in  the  plane  of  the  Sun’s  equator ; 
but  its  length  is  fubjedt  to  great  variation,  fo  that 
the  diftance  of  its  iummit  from  the  Sun  varies  from 
450  to  even  1 20°.  Thefe  great  differences  in  magni- 
tude and  brightnefs  may  perhaps  depend  confider- 
ably  on  fome,  yet  unknown,  circumftances  in  our 
atmcfphere.  It  is  ufually  feen  to  the  greateft  advan- 
tage about  the  folftice. 

3 It  has  been  fuppofed,  that  this  atmofphere  is  the 
caufe  of  the  afcent  of  the  vapor  which  forms  the 
tails  of  the  comets,  and  which  is  always  carried  to 
that  part  of  the  heavens  which  is  oppofite  the  Sun. 
But  the  diredtion  of  thefe  vapors  may  perhaps  be 
determined  by  the  adtion  of  the  particles  of  light 
emitted  from  the  Sun. 

c The  planet  Mercury  is  at  all  times  fo  near  the 
Sun,  that  we  can  only  diftinguifh  with  the  telefcope 
a variation  in  its  figure,  which  is  fometimes  that  of 
a half  Moon,  and  fometimes  a little  more  or  lefs 
than  half.  Whence  it  follows,  that  its  form  is 
globular,  and  that  it  receives  all  its  light  from  the 
Sun. 

d The  planet  Venus,  when  viewed  through  the 
telefcope,  has  a very  pleafing  appearance.  At  the 
time  of  its  greateft  elongation  it  appears  like  the 
Moon  in  the  quadratures  ; one  half  of  its  difc  being 
enlightened.  In  the  inferior  part  of  its  orbit,  as  its 
elongation  decreafes,  the  enlightened  part  becomes 
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lefs,  appearing  falcated  or  horned  ; after  palling  the 
inferior  conjunction,  the  planet  is  again  feen  horned, 
but  the  illuminated  part  then  increafes,  and  at  the 
greateft  elongation,  half  its  difc  is  again  feen  enlight- 
ened. In  the  fuperior  part  of  its  orbit,  as  itselon- 
cration  decreafes,  its  face  becomes  more  full  and 
round,  till  the  fuperior  conjunction,  after  which  time 
it  is  again  diminifhed  by  the  fame  gradation  as  its 
iricreafe  was  in  the  former  cafe  acGomplifhed. 
There  is  no  difficulty  in  accounting  for  this  variety 
of  phafes,  it  being  occafioned  by  the  different  por- 
tions of  Venus  with  refpeCt  to  the  Sun  and  Earth  : 
for  as  the  enlightened  face  of  Venus  muft  of  courle 
be  always  oppofite  to  or  facing  the  Sun,  it  will  be 
more  or  le&'vifible  to  us  according  to  our  fituation 
at  various  times. 

The  furface  of  Venus  is  diverged  with  fpots  like  e 
our  Moon,  by  the  motion  of  which  it  is  determined, 
that  it  revolves  on  its  axis  from  weft  to  eaft  in  the 
fpace  of  twenty-three  hours.  When  the  air  is  in  a 
good  ftate  for  this  kind  of  obfervations,  mountains 
like  thofe  in  the  Moon  may  be  difcerned,  with  a 
very  powerful  telefcope. 

The  face  of  the  planet  Mars  is  always  round  and  f 
full,  as  its  fuperior  fituation  requires,  excepting  at 
the  time  of  the  quadrature,  or  elongation  of  90  de- 
grees, when  a fmall  part  of  the  unenlightened  hemi- 
fphere  being  turned  towards  us,  its  difc  appears  like 
the  Moon  about  three  days  after  the  full. 

By  the  fpots  on  Mars,  its  diurnal  revolution  is  g 
afcertained  in  the  direction  from  weft  to  eaft. 
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From  the  ruddy  and  obfcure  appearance  of  this 
planet,  as  well  as  from  other  appearances,  it  is  con- 
cluded, that  its  atmolphere  is  nearly  of  the  fame 
denfity  as  that  of  the  Earth.  Mr.  Herfchel  has 
obferved,  that  two  circles  fiirrounding  the  poles  of 
this  planet  are  very  white,  and  luminous,  probably, 
from  fnow  lying  there. 

h We  have  already  had-  occafion  to  fpeak  of  the 
fatellites  of  Jupiter  and  Saturn.  The  annual  paraU 
lax  of  thefe  planets  is.  not  confiderable  enough  to 
bring  any  fenfible  part  of  their  dark  hemifpheres  to- 
wards us  in  any  pofition  of  elongation;  confe- 
quently  their  faces  are  always  round  and  full. 

i The  telefcopic  appearance  of  Jupiter  affords  a 
vaft  field  for  the  curious  enquirer.  It  is  in  gene- 
ral encircled  with  one  or  more  obfcure  belts  or 
bands  parallel  to  the  plane  of  its  orbit,  and  confe- 
quently  to  each  other.  Thefe  are  not  regular  or 
conftant  in  their  appearance..  They  have  been 
feen  to  the  number  of  five,  and  during  the  time 
of  obfervation  two  have  gradually  difappeared, 
Sometimes  but  one  is  feen ; and  fometimes,  when 
the  number  is  more  confiderable,  one  or  more  dark 
fpots  are  formed  between  the  belts,  which  increafe 
till  the  whole  is  united  in  one  large  dufky  band. 
The  fpots  of  Jupiter  are  the  brighter  parts  of  its. 
furface,  and  are  not  permanent,  though  more  fo 
than  the  belts;  yet  it  is  found  that  they  re-appear 
after  certain  unequal  intervals  of  time.  The  remark- 
able fpot,  by  whofe  motion  the  rotation  of  Jupiter 
on  its  axis  was  determined,  difappeared  in  1694, 
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and  was  not  Teen  again  till  1708,  when  It  re-appeared 
exa&ly  in  the  fame  place  on  its  furface,  and  has 
been  occafionally  feen  ever  fince. 

It  has  been  conjectured,  that  thefe  belts  are  k 
4eas,  and  that  the  variations  obferved  both  in 
them  and  the  fpots  are  occafioned  by  tides,  which 
are  differently  affedted,  according  to  the  pofltions  of 
his  moons.  If  an  obferver,  pofleffed  of  fkill  and 
patience  equal  to  the  talk,  would  delineate  the  phafes 
of  Jupiter  for  the  fpace  of  a periodical  revolution, 
noting  at  the  fame  time  the  pofltions  of  his  fatellites, 
this  opinion  might  be  either  eftablifhed  or  rejected  : 
but  at  all  events  fuch  a feries  of  obfervations  could 
not  fail  to  throw  great  light  on  the  fubjeCt. 

The  very  great  diftance  of  the  planet  Saturn,  and  l 
the  tenuity  of  its  light,  do  not  permit  us  to  diftin- 
guifh  thole  varieties  which  it  is  probable  are  on  its 
furface.  The  faint  appearance  of  a belt  is  fometimes 
feen.  The  ring  which  encircles  this  planet  is  inclined 
to  the  ecliptic;  in  confequence  of  which,  its  apparent 
figure  is  continually  varying.  When  the  line  of  its 
nodes  points  direCUy  towards  the  Earth,  the  ring, 
prefenting  its  edge  to  the  obferver,  becomes  invi- 
fible : if  the  fame  line  points  diredly  towards  tha 
Sun,  the  ring  becomes  invifible  for  want  of  illumi- 
nation : and  laftly,  if  the  plane  of  the  ring  paflcs 
between  the  Sun  and  the  Earth,  the  ring  cannot 
then  be  feen,  becaufe  its  dark  fide  is  towards  us. 

At  all  other  times  its  figure  is  that  of  an  oval,  which 
is  broader  or  narrower  accordingly  as  the  line  of  the 
nodes  is  farther  from  or  nearer  to  the  above  pofl- 
rions. 

N 2 


C H A P. 


or  THE  SEASONS. 


ISO 

G H ‘ A P.  XIII. 

OF  THE  LENGTH  OF  DAYS  AND  NIGHTS  j AND  OF 
THE  SEASONS. 

m have  feen  that  every  planet  which  is 

* * accefilble  to  obfervation  has  a revolution 
on  its  axis  3 the  intention  of  which  is,  undoubtedly, 
to  give  alternate  night  and  day  to  every  part  of 
their  furfaces.  An  inclination  of  the  axis  of  any 
planet  to  the  axis  of  its  orbit,  by  caufing  the  length 
of  days  and  the  intenfity  of  heat  to  vary,  will  occa- 
fion  a viciflitude  of  feafons.  On  this  account  Jupi- 
ter, whofe  axis  is  nearly  perpendicular  to  the  plane 
of  its  orbit,  has  equal  days  and  nights  on  every  part 
of  its  furface  at  the  fame  time,  the  days  being  four 
hours  and  twenty-eight  minutes,  and  the  nights  of 
the  fame  length.  But  the  planets  Mars  and  Venus, 
whofe  axes  are  inclined  to  the  planes  of  their  refpec- 
tive  orbits,  have  each  an  annual  change  of  feafons 
and  length  of  days.  The  Earth,  for  the  fame  rea- 
fon,  has  a fimilar  viciflitude,  the  explanation  of 
which  will  render  it  unneceflary  to  enlarge  on  the 
circumftances  of  the  other  planets. 
n For  this  purpofe  it  will  be  ufeful  to  define  thofe 
imaginary  circles,  which  aftronomers  and  geogra- 
phers have  invented  for  the  purpofes  of  methodizing 
and  facilitating  the  communication  of  fcience. 
o On  the  Earth,  a great  circle,  fuppofed  to  be 
drawn  at  an  equal  diflance  from  each  pole,  is  termed 

the 
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the  Equator : lefs  circles  drawn  parallel  to  the ' 
equator  are  called  Parallels  of  Latitude  ; and  great 
circles  interfering  the  equator  at  right  angles,  and 
confequently  palling  through  the  poles,  are  called 
Meridians.  But  when  the  meridian  of  a place  is 
fpoken  of,  it  is  ufually  underftood  to  be  a femi- 
circle  palling  through  the  given  place,  and  termi- 
nating at  die  poles.  The  other  half  which  completes 
that  whole  circle,  is  then  called  theoppofite  meridian. 

In  the  heavens,  a great  circle,  parallel  to  the  p 
equator,  is  termed  the  Celeftial  Equator ; but  the 
lels  circles  parallel  to  it  are  called  Parallels  of  Decli- 
nation ; and  the  great  circles  interfering  it  at  right 
angles,  and  pafling  through  the  celeftial  poles  of 
the  Earth,  are  called  Hour  Circles,  or  circles  of 
right  afcenfion. 

The  ecliptic  is  that  great  circle  in  the  heavens, 
in  wdiich  the  Sun  delcribes  its  apparent  annual 
courfe  : lefs  circles,  drawn  parallel  to  the  ecliptic, 
are  called  Parallels  of  Latitude ; and  great  circles  in- 
terfering it  at  right  angles,  and  confequently  puf- 
fing through  its  poles,  are  called  Celeftial  Meridians. 

The  horizon  is  that  great  circle  which  divides  the  it 
vifible  or  upper  hemifphere  from  the  lower.  If  this 
circle  have  the  eye  of  the  obferver  for  its  center, 
it  is  called  the  Senfible  Horizon  j but  if  its  center  be 
that  of  the  Earth,  it  is  termed  the  Rational  Horizon.  • 
To  this  laft  all  aftronomical  obfervations  are  reduced 
or  applied;  the  former  being  only  confidered  as  one 

of  the  parallels  of  altitude.  Lefs  circles,  parallel  to 

•» 

the  horizon,  are  called  Parallels  of  Altitude,  if  above, 
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but  of  Depreflion,  if  below  the  horizon,  and  the 
great  circles  interfering  it  at  right  angles,  are  cal- 
led Azimuths, 

s The  point  of  the  heavens,  which  is  immediately 
above  the  obferver,  or  is  elevated  90°  above  the 
horizon,  is  termed  the  Zenith ; the  oppofite  point 
immediately  beneath,  or  at  90°  of  depreflion  below 
the  horizon,  is  termed  the  Nadir. 

t Latitude  on  the  Earth  is  an  arc  of  the  meridian, 
contained  between  a given  place  and  the  equator. 
It  is  meafured  in  degrees  and  minutes  of  die  merL 
dian.  In  the  heavens  it  is  an  arc  of  the  celeftial 
meridian,  contained  between  a given  place  and  the 
ecliptic, 

u Longitude  on  the  Earth  is  an  arc  of  the  equator, 
contained  between  the  meridian  palling  through  a 
given  place  and  the  firft  meridian.  It  never  ex- 
ceeds a femicircle.  The  firft  meridian  on  the  Earth 
is  arbitrary  ; but  the  Englifli  aftronomers  in  general 
reckon  from  that  which  pafies  through  the  obferva-. 
tory  at  Greenwich,  Longitude  in  the  heavens  is  an 
arc  of  the  ecliptic,  contained  between  a given  me-, 
ridian  and  that  which  pafies  through  the  firft  point 
of  the  conftellation  Aries;  the  faid  point  being 
always  at  the  weftern  extremity  of  the  arc, 

V Right  afcenfion  is  an  arc  of  the  celeftial  equator, 
contained  between  a given  hour  circle  and  thatwhich 
pafies  through  the  firft  point  of  the  conftellation 
Aries;  the  faid  point  being  always  at  the  weftern 
extremity  of  the  arc.  Declination  is  an  arc  of  the 
hour  circle,  contained  between  a given  place  and 
•the  equator, 
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The  circle  which  divides  the  enlightened  hemi-  w 
Sphere  of  a planet  from  its  dark  hemifphere  is  called 
the  Terminator.  It  may  in  moft  cafes  be  confidered 
as  a great  circle. 

Let  n e s o_(fig.  62.  and  63*)  reprefent  the  Globe  x 
of  the  Earth,  and  c the  Sun  : then  the  circles  nms, 
VMS,  &c.  will  reprefent  the  meridians  interfering 
the  Equator  e Q^at  right  angles,  and  palling  through 
the  poles  n and  s.  The  lines  pp,  pp,  &c.  will  re- 
prefent the  parallels  of  latitude ; and  the  line  c m 
will  reprefent  the  plane  of  the  Earth  s orbit. 

Now  it  is  evident,  that  it  is  day  at  any  given  y 
place  on  the  globe,  io  long  as  that  place  continues 
in  the  enlightened  hemifphere  ; and  that  when  by 
the  diurnal  rotation  it  is  carried  into  tne  daik  hemi- 
sphere it  becomes  night;  twilight  not  being  here 
confidered.  And  from  the  contemplation  of  figure 
•63,  it  appears,  that  if  the  poles  be  fituated  in  the 
terminator,  the  terminator  will  divide  each  ot  the 
parallels  into  two  equST  parts,  and  confequently, 
fince  the  uniform  motion  of  the  Earth  caufes  any 
given  place  to  defcribe  equal  parts  of  its  parallel  111 
equal  times,  the  days  and  nights  will  be  equal  on 
every  parallel  of  latitude;  that  is  to  fay,  all  over  the 
globe,  except  at  the  poles,  where  the  Sun  will  nei- 
ther rife  nor  fet,  but  continue  in  the  horizon. 

But  if,  as  in  figure  62,  the  axis  be  not  placed  in  2 
the  plane  of  the  terminator,  the  terminator  will  di- 
vide the  equator  into  two  equal  parts  ; but  the  pa- 
rallels which  are  fituated  towards  the  enlightened 
pole  will  have  a greater  part  of  their  peripheries  in 
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the  enlightened  than  in  the  dark  hemisphere:  while 
Similar  parallels  towards  the  other  pole  will  have  a 
like  greater  part  of  their  peripheries  in  the  dark 
hemifphere.  Whence  it  follows,  that  the  firft- 
mentioned  parallels  will  enjoy  longer  days  than 
nights,  and  the  contrary  will  happen  to  the  latter, 
they  having  Shorter  days  and  longer  nights  3 while 
at  the  equator  the  days  and  nights  continue  equal. 
All  this  is  evident  from  the  figure,  where  it  is 
alfo  obfervable,  that  the  disproportion  is  greatell 
in  the  greater  latitudes  3 and  that  places,  whole 
diflance  from  the  pole  is  lei's  than  that  of  the  pole 
from  the  terminator,  mull  enjoy  either  a conftant 
day  or  conftant  night,  the  rotation  of  the  Earth 
never  carrying  them  into  the  oppofite  hemisphere. 

a In  this  pofition  of  the  axis  the  inhabitants  on  the 
one  fide  of  die  equator  may  be  Said  to  enjoy  Sum- 
mer,  and  tliofe  on  the  other  fide  winter  with  relpedt 
to  each  other.  For  the  long  duration  of  the  Sun 
above  the  horizon  muff  occafion  a proportionally 
greater  degree  of  heat,  and  its  longer  ablence  from 
places  Situated  in  the  other  hemilphere  mull  have 
the  contrary  effect. 

b But  this  is  not  the  only  caufe  of  the  difference  of 
heat  at  the  different  places.  A Spectator  at  g,  which 
is  90°  diftant  from  the  terminator,  will  have  the 
Sun  in  the  zenith  ; a fpe&ator  at  t will  fee  the  Sun 
in  the  horizon  3 and,  for  every  intermediate  dis- 
tance, the  arc  of  a great  circle  comprehended  be- 
tween the  terminator  and  the  place  of  observation 
will  be  the  mealiire  of  the  Sun’s  altitude.  There- 
fore 
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fore  ever/  parallel  between  o^and  the  enlightened 
pole  will  have  the  meridian  altitode  of  the  Sun  in- 
creafed,  by  the  angle  n m t,  beyond  what  it  would 
have  been  had  the  pole  continued  in  the  plane  of 
the  terminator  : and  every  place  between  <L_and  the 
dark  pole  will  have  the  Sun’s  meridian  altitude  di- 
minifhed  by  the  fame  quantity.  Between  c and 
the  former  altitude  thus  increaied,  making  a fum 
greater  than  90%  the  altitude  muft  be  meafured 
by  its  complement.  And  between  s and  t the 
altitude  will  be  a negative  quantity,  or  beneath  the 
horizon.  This  difference  of  the  altitudes  of  the 
Sun  muft  caufe  an  increafe  of  heat  towards  the 
enlightened  pole,  and  an  equal  diminution  towards 
the  dark  pole.  For  the  greater  the  Sun’s  altitude, 
the  more  diredtly  its  rays  fall  on  any  furface ; and  c 
in  furfaces  of  the  fame  magnitude  the  quantity  of 
light  received  by  each  is  as  the  fine  of  the  angle 
of  obliquity  with  which  the  rays  fall  *. 

It  remains  to  be  fhewn,  that  thefe  relative  fitu-  D 
ations  of  the  axis  and  the  terminator  take  place  at 
different  times  of  the  year,  with  refpecft  to  the 

* Let  the  line  a b (fig.  64.)  reprefent  a furface,  on  which 
the  column  of  light  noab  falls  perpendicularly.  A fur- 
face a c,  of  the  fame  magnitude,  receiving  the  light  oblique- 
ly under  the  angle  jck,  will  intercept  only  fo  much  as 
would  have  fallen  on  the  fpace  a e and  another  funace  a d, 
receiving  the  light  (till  more  obliquely  under  the  angle  l d m, 
will  intercept  only  fo  much  as  would  have  fallen  on  tne  fpace 
a f.  But  the  fpaces  or  lines  a e and  a f are  the  fines  of  the 
angles  of  obliquity  j c k and  idmj  whence  the  propofition 
is  evident.  , 
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Earth  j which  being  proved,  the  viciffitude  of  fe a- 
fons  muft  follow  as  a neceffary  confequence. 
je  In  fig.  65.  Let  c reprefent  the  Sun,  abdg 
the  Earth’s  orbit,  nearly  circular,  but  which  being 
viewed  obliquely,  appears  like  a long  ellipfis,  of 
which  let  the  part  bd  be  fuppofed  neareft  the  fpec- 
tator.  And  let  the  four  circles,  diflinguillied  by 
the  months  March,  June,  September,  and  De- 
cember, reprefent  the  Earth  in  four  feveral  parts 
of  its  orbit,  n s being  its  axis. 
f Obfervation  fhews,  that  the  axis  of  the  Earth 
always  preferves  very  nearly  die  fame  pofition  with 
refpedt  to  the  fixed  ftars ; being  inclined  to  the 
axis  of  its  orbit  in  an  angle  of  about  23  f degrees. 
It  will  not  therefore  preferve  the  fame  relative  po- 
fition with  refpedt  to  the  terminator.  For  when 
the  Earth  is  in  the  fituation  diflinguifhed  by  the 
month  March,  its  axis  will  at  that  time  be  in  the 
plane  of  the  terminator,  and  confcquently  the  days 
and  nights  will  be  equal  all  over  the  globe  ( 1 83,  y)  : 
but  when  by  its  annual  motion  it  is  carried  towards 
a,  the  north  pole  n,  the  axis  ftill  preferving  its  pofi- 
tion or  continuing  parallel  to  itfelf,  will  advance 
into  the  enlightened  hemifphere,  and  in  the  month 
of  June  will  be  23  {■  degrees  diftant  from  the  ter- 
minator, as  in  the  fcheme,  the  fouth  pole  being 
at  the  fame  diftance  in  the  dark  hemifphere.  There- 
fore in  the  month  of  June  the  northern  parts  will 
enjoy  long  days  and  fummer,  while  the  fouthern 
parts  have  fhort  days  and  winter  (183,  z). 

1 During 
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During  the  interval  between  the  time  of  equal  a 
days  and  nights  in  March,  which  is  called  the 
vernal  equinox,  and  the  time  when  the  day  is 
longeft  in  June,  which  is  called  the  fummer  fol- 
ftice, the  north  pole  will  have  defcribed  a quarter 
of  a circle  in  the  enlightened  hemifphere  with  re- 
fped  to  the  terminator,  and  confequently  will  be 
at  its  greateft  di (lance  from  it.  From  that  time 
it  will,  by  defcribing  the  other  quarter,  approach 
the  terminator,  the  days  gradually  Ihortening  till 
the  Earth  arrives  at  the  portion  denoted  by  the 
month  September,  when,  the  axis  again  coinciding 
with  the  plane  of  the  terminator,  the  days  and 
nights  will  be  equal.  This  is  called  the  autumnal 
equinox.  During  the  next  quarter  the  north  pole 
will  defcribe  a quarter  of  a circle  in  the  dark  he- 
mifphere, and  the  days  will  Ihorten  till  December, 
when  the  pole  will  be  juft  as  far  within  the  dark 
as  in  June  it  was  in  the  enlightened  hemifphere, 
which  time  is  called  the  winter  folftice.  From  the 
winter  folftice  to  the  vernal  equinox,  the  days  will 
lengthen  as  the  pole  approaches  the  terminator ; 
and  at  the  inftant  in  which  the  axis  again  coin- 
cides with  its  plane,  the  natural  year,  confifting  of 
365  days,  5 hours,  48  minutes,  and  45  F feconds, 
is  linifhed. 

It  is  eafy  to  conceive,  by  applying  the  lame  ex-  h 
planation  to  the  fouth  pole  inftead  of  the  north, 
that  the  inhabitants  of  the  fouthern  hemifphere 
have  the  fame  viciflitudes,  though  not  at  the  fame 

time ; 
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time ; for  it  is  winter  in  one  hemilphere  while  it 

/ 

is  fummer  in  the  other,  &c.  &c. 
i As  the  pole  n (fig.  6 2.)  advances  in  the  en- 
lightened hemilphere,  the  Sun  will  be  in  the  zenith 
of  a place  c,  as  far  diftant  from  the  equator  as 
the  pole  is  from  the  terminator;  therefore  the 
greateft  latitude  at  which  the  Sun  can  be  vertical 
is  23  I-  degrees.  The  parallels  of  latitude  on  the 
Ear tli  of  237  degrees  N.  and  S.  as  alfo  the  cor- 
refpondent  parallels  of  declination  in  the  heavens 
are  called  the  Tropics,  becaufe  the  Sun  when  it 
arrives  at  them  afterwards  returns  towards  the 
equator.  The  Sun,  when  it  arrives  at  the  northern 
tropic,  is  juft  entering  the  fign  Cancer,  and  when 
it  arrives  at  the  fouthern  tropic  is  juft  entering  die 
fjgnCapricorn;  for  which  reafon  the  northern  tropic 
is  called  die  Tropic  of  Cancer,  and  the  fouthern 
tropic  die  Tropic  of  Capricorn. 
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OF  THE  FIXED  STARS. 

I-I OUGH  in  a former  chapter  of  this  fee-  k 


tion  it  was  mentioned  (104.)  that  the  rela- 


tive fixations  of  the  fixed  ftars  do  not  vary,  yet 
that  affertion  is  not  to  be  underftood  in  abio- 
lute  ftridnefs.  In  the  courfe  of  ages  feveral  va- 
riations have  been  obferved  amongft  them.  Some 
of  the  larger  ftars  have  not  the  fame  precife  fixa- 
tions that  ancient  oblervations  attribute  to  them ; 
and  it  is  probable  that  the  inftances  of  this 
kind  would  have  been  much  more  numerous  if 
accuracy  of  obfervation  had  not  been  confined  to  a 
very  late  period.  New  ftars  have  likewife  ap- 
peared from  time  to  time,  and  feveral  of  thole 
whofe  places  and  magnitudes  are  inferred  in  the 
old  catalogues  are  not  now  to  be  found.  Some 
of  the  fixed  ftars  are  likewife  found  to  have  a pe- 
riodical increafe  and  decreafe  of  magnitude. 

The  bright  ftars,  Artturus,  Sirius,  Aquila,  and  l 
Aldebaran^  have  been  obferved  to  change  their 
places.  The  firft  is  found  to  move  towards  the 
fouth,  about  3 i minutes  of  a degree  in  a century. 
Sirius  has  advanced  about  2 minutes  to  the  fouth 
in  a like  period. ' The  changes  of  place  in  the  two 

latter  are  yet  fmaller  and  lels  fettled. 

All  the  ftars  fpoken  of  in  the  prefent  chapter  m 
..  , • o . iw  ('Ton  according:  to 


are  lubjeft  to  no  parallax  (130,  z),  according  to 
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the  moft  accurate  obfervations  by  which  mod  of 
their  places  were  fettled ; and  fome  of  them  have 
been  obferved  with  inftruments  of  fuch  delicacy, 
that  it  is  prefumed  their  parallax  would  have  been 
feen,  if  it  had  amounted  to  one  fecond  of  mea- 
fure. 

n Without  attending  either  to  the  celefdal  changes 
recorded  by  ancient  authors,  who  for  the  moll 
part  were  not  allronomers,  and  paffing  die  lefs  ob- 
vious mutations  in  filence,  we  fhall  here  note  a 
few  of  the  moll  remarkable  new  or  changeable 
liars. 

0 On  the  8th  of  November,  157c,  Cornelius 
Gemma  attentively  conlidered  that  part  of  the 
heavens  which  is  called  Calliope’s  Chair,  and  per- 
ceived nothing  extraordinary.  But  the  following 
night  a new  liar  appeared,  forming  a perfect  rhom- 
bus with  the  three  liars  «,  <T,  yy  of  that  conltel- 
lation.  Its  fplendor  exceeded  that  of  Jupiter  when 
greatelt,  and  was  fuch,  that  it  was  feen  even  in 
the  day-time.  Tycho  Brahe,  who  law  it  on  the 
nth,  determined  its  longitude  6°.  54  of  Taurus, 
with  530.  45'  N.  latitude.  It  began  to  diminifh 
in  December,  and  became  gradually  lefs  confpi- 
cuous,  till  it  dilappeared  in  March,  1574.  This 
remarkable  liar  had  no  apparent  motion,  and 
confequently  no  parallax,  and  its  appearance  was 
fparkling  and  clear,  like  that  of  the  other  fixed 
liars.  It  has  not  fince  been  feen. 

p September,  1604,  O.  S.  the  fcholars  of  Kepler 
obferved  a liar  in  the  right  leg  of  Serpemarius,  which 
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was  not  there  die  night  before.  Its  luftre  Teams  to 
have  been  nearly  equal  to  that  of  the  new  liar  in 
Calliope  j for  it  is  deferibed  as  exceeding  Jupiter  in 
brightnefs.  It  gradually  decayed  like  that,  and  in 
nearly  the  fame  time  dilappeared,  not  being  per- 
ceived after  the  beginning  of  January,  160?.  Its 
right  afcenfion,  as  obferved  by  Kepler,  was  con- 
stantly 256°  57,  and  its  declination  2i°oil'S. 

The  firft  {tar  that  was  obferved  to  have  a perio- 
dical  change  of  brightnefs  was  difeovered  by  David 
Fabricius  in  the  neck  of  the  Whale,  on  the  3d  of 
Auguft  1596,  O.  S.  Its  greateft  brightnefs  is  equal 
to  that  of  a ftar  of  the  third  magnitude  ; and  it  is 
fcarcely  ever  fo  fmall  but  it  may  be  feen  with  a fix 
foot  telefcope.  The  period  in  which  it  pafies 
through  all  its  changes,  is  at  a mean  334  days,  but 
no'  part  of  the  phenomenon  is  perfectly  regular. 

Three  changeable  {tars  have  been  obferved  in  the  k. 
conftellation  of  the  Swan.  The  firft  difeovered  is 
near  the  ftar  y in  that  conftellation.  Its  greateft 
luftre  is  lefs  than  that  of  a ftar  of  the  third  magni- 
tude, and  it  diminifhes  to  that  of  the  fixth  magni- 
tude. Its  changes  are  far  from  being  regular,  and 
do  not  take  place  but  after  intervals  of  ten  or  more 
years. 

The  next  and  moft  remarkable  of  the  changeable  s 
ftars  in  the  Swan  is  marked  v by  Bayer.  This  is 
more  regular  in  its  returns  than  the  preceding, 
though  its  magnitude  is  feldom  greater  than  the 
fixth.  Its  period  is  fettled  at  405  r35  days,  and  its 
greateft  luftre  in  the  year  1785  will  be  about  the- 
1 4th  of  July. 


The 
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T The  third  was  fecn  near  the  head  of  the  Swim 
on  the  20th  of  June,  1670,  of  about  the  third 
magnitude,  and  was  fo  far  diminished  by  the  Oc- 
tober following-  as  to  be  Scarcely  vifible.  In  the 

O J 

beginning  of  April,  1671,  it  was  again  Seen  rather 
brighter  than  before,  and  diminifiring  during  that 
month,  became  once  more  at  its  greateft  brilliancy 
at  the  beginning  of  May.  By  a comparifort  of 
thefe  observations,  its  period  feemed  about  ten 
months.  It  disappeared  about  the  middle  of  Auguft, 
and  was  again  Seen  on  the  29th  of  March,  1672; 
fince  which  time  it  has  not  appeared. 

u The  ftar  Algol,  or  Medufa’s  head,  has  been  long 
fince  obServed  to  appear  of  different  magnitudes 
at  different  times ; but  the  difeovery  of  its  period 
is  due  to  John  Goodricke,  Efq;  of  York,  who 
has  obServed  it  Since  the  beginning  of  the  year 
1 7 S3.  It  periodically  changes  from  the  firft  to  the 
fourth  magnitude;  and  the  time  employed  from 
one  greateft  diminution  to  the  other,  was  Anno 
1783,  at  a mean,  2 days,  20  hours,  49  minutes, 
3 Seconds.  The  change  is  thus.  During  four 
hours  it  gradually  diminishes  in  luftre  ; during  the 
Succeeding  Sour  hours  it  recovers  its  firft  magni- 
tude by  a like  gradual  increafe;  and  during  the 
remaining  part  of  the  period,  namely,  2 days, 
12  hours,  49  minutes,  3 Seconds,  it  invariably  pre- 
serves its  greateft  luftre  : after  the  expiration  of 
which  term  the  diminution  again  commences,  &c. 

v Many  of  the  fixed  liars,  upon  examination  with 
the  telefcope,  are  found  to  confift  of  two.  The 

number 
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number  obferved. before  the  time  ofHerfchel  * was 
but  fmall;  but  that  celebrated  aftronomer,  who 
ftands  unrivalled  for  the  excellence  of  his  inftru- 
mentSj  and  his  fkilful  induftry  in  ufing  them,  lias 
noted  upwards  of  four  hundred. 

Befides  the  phenomena  already  mentioned,  there  w 
are  many  nebulas,  or  parts  of  the  heavens  which  are 
brighter  than  the  reft.  The  moft  obvious  to  com- 
mon notice  is  that  large  irregular  zone  or  band  of 
light  which  crofies  the  ecliptic  in  Cancer  ana  Capri- 
corn, and  is  inclined  to  it  in  an  angle  of  about  fixty 
decrees.  Other  nebulas  are  feldom  fo  large  as  to 

CD 

be  feen  by  the  naked  eye,  to  which  they  appear  as 
fmall  ftars.  If  the  telefcope  be  applied  to  them, 
they  feem  to  be  luminous  fpots  of  various  figure?,  in 
fome  inftances  with  ftars  m them.  The  number  of 
nebulas  afcertained  before  Herfchel  are  about  103, 
and  that  obferver  had  detedied  466  more,  previous 
to  the  month  of  April  1784*  Many  of  the  nebulas 
are  refolvahleby  the  telefcope  into  clufters  of  fmall 
ftars;  and  it  is  found  that  telefcopes  of  greater  power 
refolve  thofe nebulae  into  ftars,  which  appear  as  white 
clouds  in  inftruments  of  lefs  force.  Hence  there  is 
good  reafon  to  conclude  that  they  ail  confift  of 
clufters  or  prodigious  aggregates  of  ftars. 

Mr.  Herfchel  has  rendered  it  highly  probable,  X 
both  from  obfervation  and  well-grounded  conjeTur  e, 
that  the  ftarry  heaven  is  replete  with  thele  nebulas  or 

* Mr.  Herfchel’s  numerous  and  important  difcoverics  aic  in 
ferted  in  the  late  volumes  of  the  Philofophical  Tianuuions, 
as  are  alfo  the  accounts  of  Algol. 
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fyftems  of  ftars  of  various  figures,  and  that  th« 
milky-way  is  that  particular  nebula  in  which  our 
Sun  is  placed.  Nothing  more  is  neceflary  in  or- 
der to  account  for  the  appearance  it  exhibits,  than 
to  affume  its  figure  as  being  much  more  extended 
towards  the  apparent  zone  of  illumination  than  in 
Other  directions.  And  the  obfervations  on  the  va- 
rious figures  of  nebulae  render  this  fuppofition 
perfectly  allowable. 

v The  want  of  an  annual  parallax  in  the  fixed  ftars 
evinces,  that  a luminous  body,  whofe  diameter  is 
equal  to  that  of  the  Earth’s  annual  orbit,  would  not 
fubtend  a fenfible  angle  if  feen  from  the  fixed  ftars. 
Much  lefs  therefore  would  the  Sun,  if  viewed  from 
fuch  a diftance.  It  may  therefore  be  fairly  con- 
cluded) that  the  Sun,  when  feen  from  any  fixed 
ftar,  muft  have  much  the  fame  appearance  as  a 
fixed  ftar  feen  from  hence : or,  in  other  words,  the 
fixed  ftars  are  funs. 

z Reafoning  then  analogically,  as  far  as  the  na- 
ture of  the  faCts  we  pofiefs  will  admit,  it  may  be 
deduced ; firft,  that  the  univerfe  confifts  of  nebuhe, 
or  diftinCt  fyftems  of  ftars ; fecondly,  that  each  ne- 
bula is  compofed  of  a prodigious  number  of  funs, 
or  bodies  that  fhine  by  their  own  native  fplendor  . 
thirdly,  that  each  individual  fun  is  deftined  to 
o-ive  light  to  hundreds  (124,  r.  16 1,  w.  164,  e.) 

o o x 

of  worlds  that  revolve  about  it,  but  which  can 
no  more  be  feen  by  us,  on  account  of  their  great 
diftance,  than  the  folar  planets  can  be  feen  from  the 
fixed  ftars. 

Yet, 
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Yet,  as  in  this  unexplored,  and,  perhaps,  unex-  a 
plorable  abyfs  of  fpace,  it  is  no  needflary  condition 
that  die  planets  Ihould  be  of  the  fame  magnitudes  as 
thole  belonging  to  our  fyftem,  it  is  not  improbable 
but  that  planetary  bodies  may  be  difeovered  among 
the  double  and  triple  liars. 

Our  cilriolity  is  much  interelled  in  the  contem-  c 
plation  of  the  phenomena  of  new  and  changeable 
liars,  but  the  caufes  that  may  be  offered  with  plaufi- 
bility  to  folve  thefe  appearances  are  not  many, 

If  the  light  of  the  Sun  and  fixed  liars  be  ima-  z 
gined  to  proceed  from  a combullion  fimilar  to  that 
which  is  required  to  produce  light  in  our  experi- 
ments, it  may  happen  that  when  all  the  inflammable 
matter  is  decompofed  the  ignition  may  ceafe.  Or, 
if  a mafs  of  matter  adapted  for  inflammation  begin 
by  any  caufe  to  burn,  its  ignition  and  emifiion  of 
light  will  then  commence.  Thefe  confiderations 
may  explain  the  difappearance  of  fome  liars,  and  the 
appearance  of  others.  And  as  there  are  no  data  to 
fix  the  time  between  the  beginning  and  end  of  the 
appearance,  the  liars  may  lafb  for  any  given  time, 
according  to  circumfcances. 

The  fpots  on  the  Sun  (174,  v.)  have  afforded  d 
a conjecture  refpedling  the  caufe  of  the  periodical 
change  of  brightnefs  in  fome  liars.  For,  if  a liar 
be  fuppofed  to  have  a Ipot  of  confiderable  magni- 
tude, and  to  turn  on  its  axis,  it  will  be  much  brighter 
when  the  fpot  is  not  on  the  vifible  dilc  than  when  it 
is.  However,  it  mull  be  confelfed,  that  the  pheno- 
mena do  not  in  general  agree  with  this  fuppofition, 
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which  cannot  eafily  be  reconciled  to  the  permanent 
brightnefs  or  obfcurity  that  prevails  in  the  change- 
able ftars  for  more  than  half  the  period. 
e If  a ftar,  by  a fwift  revolution,  be  made  to  affums 
and  preferve  a flattened  figure,  and  its  axis  have  a 
rotation  fimilar  to  that  hereafter  to  be  explained  in 
the  Earth,  it  will  be  much  lefs  bright  when  its  edge 
is  prefented  to  the  obferver  than  when  the  vifible 
difc  is  projedted  broader. 

t Or,  laftly,  if  a large  planet  revolve  about  a 
ftar,  it  may  occafion  certain  periodical  eclipfes  of 
fufficient  magnitude  and  duration  to  be  perceived 
by  us,  on  account  of  the  quantity  of  light  inter - 
g cepted.  Thus,  for  example,  if  an  opahe  plane., 
whofe  diameter  is  not  much  lefs  than  that  of  Algol, 
be  fuppofed  to  revolve  about  that  ftar  at  the  dis- 
tance of  thirty-three  diameters  of  Algol,  in  the  given 
period  of  i days,  ao  hours,  49  minutes,  3 feconds* 
in  an  orbit  whofe  plane  paffes  at  prefent  through 
or  near  the  Earth,  it  will  caufe  certain  eclipfes  that 
will  agree  very  well  with  the  appearances  obferved. 
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OF  the  general  effects  of  centripetal  forces 

ON  BODIES  IN  MOTION. 

WE  are  now  to  refume  the  confutation  of  a 
bodies  in  motion,  which  are  aftedon  by  a 
centripetal  force  (94,  0 and  to  apply  "arme 
to  the  phenomena  explained  m the  preceding 

Let  abc  d,  &c.  (fig-  66.)  be  a regular  polygon,  ■ 
infcribed  in  a circle.  If  a body  be  fuppoM  to  re- 
volve in  that  polygon,  it  will  be  neceffary  that  a force 
direfted  to  the  centers  fiiould  be  appue 
points  b,  c,  d,  &c.  to  deflea  the  body  ta  ■ ' > 
lined  courfe  (a.,  p).  The  more  numerou  tl  e f U 
of  the  polygon  are,  the  nearer  they  will  be  m the 
cular  curve,  and  the  more  frequent  mud  be ^ he  fuccrf 
five  aftions  of  the  centripetal  force,  n > 
ber  of  fides  be  infinitely  great,  the  polygon  w.H  bio 
lutely  coincide  with  the  circle,  or  become  a aide. 
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and  the  adions  of  the  centripetal  force  muft  be  infi- 
' nitely  numerous,  or  the  force  will  ad  without  inter- 

c million.  Confequently,  whatever  may  be  proved  in 
general  of  a body  moving  in  a regular  polygon  by 
an  original  uniform  motion,  combined  with  the 
motion  produced  by  the  fucceffive  adions  of  a force 
direded  to  the  center  of  the  polygon,  will  hold 
good  with  refped  to  the  motion  of  a body  in  a 
circle,  the  centripetal  force  being  fuppofed  to  ad 
without  intermiflion. 

.d  In  our  reafoning  concerning  centripetal  forces,  it 
is  here  fuppofed  that  a given  torce  a£ts  on  bodies 
according  to  their  mafies,  like  gravity  (26,  a)  and 
confequently  caufes  equal  defledions  in  each  from 
the  right  lined  courfe. 

2 ^ie  mtenfity  or  quantity  of  any  force  is  meafured 
by  the  effed  it  produces  in  a given  time  (21,  q^. 
38,  t).  Suppofe  a body  to  be  projeded  from  M 
to  a,  fig.  66.  a centripetal  force  reprefented  by  a r 
vill  caufe  it  to  defcnbe  the  line  a b inflead  of  a in 
an  equal  fpaee  or  time  (23,  t).  It  the  velocity  in  ma 
had  been  greater,  the  adion  of  the  force  in  the  line 
A it  rnu.fi  have  been  greater  in  the  fame  proportion 
to  have  caufcd  the  fame  deflection ; that  is,  the 
centripetal  force  muft  at  each  point  of  defledion  be 
as  the  velocity.  But  again,  the  greater  the  velocity 
the  greater  number  of  fides  of  the  polygon  will  be 
deicribed  by  the  body  in  a given  time,  and  the  more 
fie q cent  muft  be  the  adions  or  the  centripetal  force, 
fi or  rea^on  therefore,  the  number  of  the  adions 

5 miL.„  i me  wife  oe  as  the  velocity.  On  both  accounts 

therefore, 
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therefore,  the  whole  effetf:  of  the  force  in  a given 
time,  or  its  intensity,  muft  be  in  tnc  implicate 
proportion,  or  as  the  fquare  ot  the  velocity,  that 
is,  limply  as  the  velocity,  became  tne  actions 
themfelves  are  greater  or  lefs  in  that  proportion  ; 
and  again,  Amply  as  the  velocity,  becaufe  the 
actions  take  place  more  or  lefs  frequently  in  the 
fame  proportion.  And  the  lame  is  true  of  the  c 
effect  of  an  unceafing  force  that  may  caufe  the 
body  to  revolve  in  the  circle  in  which  the  polygon 


is  infcribed  (198,  c). 

The  polygon  nop  being  fimilar  to  the  polygon  h 
abc,  will,  with  a given  velocity,  require  the 
fame  action  to  caufe  the  requifite  deflections  from 
the  right  lined  courfe  in  a body  revolving  in  it. 
But  thpfe  actions  mult  recur  oftener  in  propor- 
tion as  the  fide  of  the  polygon  n o p is.  lefs  than 
that  of  the  polygon  abc,  becaufe  a proportion- 
ally greater  number  of  the  fmaller  fides  will  be 
pafled  over  with  the  fame  velocity.  The  force  in 
the  fmaller  polygon  muft  therefore  be  increafed 
in  the  inverfe  proportion  of  its  fide  to  that  of  the 
Greater,  or,  which  is  the  fame,  in  the  inverfe  pro- 
portion of  their  radii.  On  the  whole  then,  the  t 
centripetal  forces,  by  which  bodies  are  retained  in 

circular  orbits,  (19^’  c)  are  a ia^  , 
pounded  of  the  direct  ratio  of  the  fquares  of  the  ve  0- 

cities,i99,  (f.  g)  and  the  inverfe  ratio  of  their  femi- 

diameters.  . , , 

The  periodical  times  of  bodies  revolving  in  car- 

ties  are  greater,  the  greater  the  radii,  and  le,s,  the 

O 4 greater  . 
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greater  tne  velocities.  That  is  to  fay,  the  periodi- 
cal times  are  directly  as  the  radii,  and  inverfely  as 
the  velocities. 


L If  the  centripetal  forces  be  fuppofed  to  increafe 
as  the  cubes  or  third  powers  of  the  radii  decreafe, 
the  cubes  of  the  radii  will  be  inverfely  as  the 
fquares  of  the  velocities,  and  diredlly  as  the  radii, 
becaufe  the  forces  themfelves  are  inverfely  in  this 
compound  ratio  (199,  1).  Whence  the  fauares  of 
the  velocities  will  be  diredlly  as  the  radii,  and  in- 
veifely  as  the  cubes  of  the  radii 3 or  more  fimply, 
M as  the  fquares  of  the  radii  inverfely.  And  the  ve- 
locities themfelves  will  confequently  be  inverfely  as 
the  radii. 


n Ir  the  fquares  of  the  periodical  times  be  diredtly 
cubes  of  the  radii,  the  cubes  of  the  radii 
wid  be  (199,  k)  diredtly  as  the  fquares  of  the 
1 aCiii,  and  inverfely  as  the  fquares  of  the  velocities. 
Therefore,  the  fquares  of  the  velocities  will  be 


dnedly  as  the  fquares  of  the  radii,  and  inverfely 
as  the  cubes  of  the  radii  3 or,  more  fimply,  as  the 
1 adii  inverfely.  Now  the  centripetal  forces  ( 1 99, 1) 
are  direftly  as  the  fquares  of  the  velocities,  and  in- 
verfely as  the  radii.  Therefore,  if  in  this  laft  com. 
pound  ratio  we  fubftitute  the  ipverfe  ratio  of  the 
racm,  inftead  of  the  diretf:  ratio  of  the  fquares  of 
tiie  velocities,  to  which  it  is  equal,  we  fhall  have 
tne  forces  in  the  inverfe  ratio  of  the  fquares 
o o the  radii.  That  is  to  fay,  if  the  fquares  of  the 
periodical  times  of  bodies  revolving  in  circles  be 

diredtly 


UPON  BODIES  IN  MOTION.  201 

di'redtly  as  the  cubes  of  the  radii,  the  centripetal 
forces  will  be  inverfely  as  the  fquares  of  the  radii. 

The  velocity  of  a body  moving  in  a curve,  and  p 
added  on  by  a centripetal  force,  is  inverfely  as  the 
perpendicular  let  fall  from  the  center,  to  the  tan- 
gent drawn  through  that  point  of  the  curve  at  which 
the  velocity  is  required.  Let  a b,  fig.  67.  be  a curve 
in  which  a body  moves,  defcribing  equal  areas  in 
equal  times  (95,  m),  about  the  point  c.  Then 
the  velocity  at  the  points  d and  f will  be  inverfely 
as  the  perpendiculars  c h,  c i,  let  fall  from  c on 
the  tangents  dh,  f i to  the  curve  in  the  points  d, 
f.  For  if  the  body  move  through  the  fpaces  de, 
fg,  in  equal  indefinitely  fmall  portions  of  time, 
thofe  lines  may  be  taken  for  portions  of  the  tan- 
gents dh,  fi,  and  the  triangles  dce,  fcg,  will 
be  equal  (95,  m).  But  the  bafes  de,  fg,  of  equal 
triangles,  are  inverfely  as  the  perpendiculars  c h, 
ci.  And  the  velocities  being  as  the  bales  de,  fc, 
defcribed  in  equal  times,  muft  alfo  be  in  the  fame 
inverfe  ratio  of  thofe  perpendiculars.  Which  was 
to  be  fhewn. 

If  a body,  added  on  by  a centripetal  force,  di- 
redded  to  c (fig.  68.),  be  projedded  from  u,  in  a 
direction  at  right  angles  to  u c,  but  with  a velocity 
too  fmall  to  caufe  it  to  revolve  in  a circle  u a,  it 
will  fall  within  the  circle,  by  the  greater  preva- 
lence of  the  centripetal  force.  As  it  approaches 
the  center,  its  velocity  muft  increafe  (96,  r),  and 
fo  muft  likewife  its  tendency  to  recede  from  the 

center. 
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center.  If  the  centripetal  force  increafes  in  the 
fame  or  in  a higher  ratio  than  that  tendency,  the 
body  will  ftill  continue  to  approach,  and  at  length 
fall  into  the  center.  But  if  the  centripetal  force 
increafes  in  a lefs  ratio,  the  increafing  velocity  will 
caufe  the  body  to  move  in  a courfe  lefs  and  lefs 
inclined  to  the  radius,  till  at  length  it  becomes  at 
right  angles  to  it,  and  recedes  again  from  the 
center,  becaufe  by  the  fuppofition,  the  velocity  is 
too  great  for  the  body  to  move  there  in  a circu- 
lar orbit.  In  the  recefs  from  the  center  the  velo- 
city mull  decrcafe  (96,  r),  and  a fimilar  curve 
be  deferibed  by  the  body,  till  its  courfe  becomes 
jagain  at  right  angles  to  die  radius,  and  it  is  again 
•caufed  to  approach  the  center.  And  this  alterna- 
tion will  continue  for  ever, 

r The  affertion  relpefting  the  fimilarity  or  rather 
congruity  of  the  curves  between  the  apfides  may 
be  eafily  evinced  from  fig.  40.  For  if  a body  be 
fuppofed  to  move  from  h to  c,  and  to  be  refledted 
back  from  c,  in  the  direction  and  with  the  velocity 
c d,  it  is  unneedfary  to  fhew  that  it  would  again 
deferibe  the  fame  polygon  ch.  And  the  fame 
holds  good  of  curves  (95.  m).  Now  a body  that 
arrives  at  its  apfis  mull  move  with  a velocity  and 
direction  which,  with  refped  to  the  center,  is  equi- 
valent to  its  being  reflected  back  in  the  contrary 
direction,  becaufe  in  either  cafe  it  will  begin  to 
move  with  a given  velocity  in  the  tangent  of  the 
fame  circle. 


It 
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It  wbuld  carry  us  too  far  into  the  confideration  J 
of  the  nature  of  thofe  curves  that  may  be  defcribed 
by  bodies  a&ed  on  by  centripetal  forces,  if  we 
were  to  enquire  minutely  into  the  confequences  that 
would  follow  from  the  fuppofition  of  various  laws 
of  its  increafe  or  diminution,  according  to  the  dif- 
tance.  Our  purpofe  will  be  fufficiently  anfwered 
by  attending  to  the  velocities  of  revolving  bodies 
in  their  apfides.  Let  a body  (fig.  68.)  be  pro-  T 
je&ed  from  u towards  a,  in  a dire&ion  at  right 
angles  to  cu,  a line  drawn  from  the  point  c, 
to  which  let  the  centripetal  force  be  fuppofed  to  be 
directed.  Suppofe  the  velocity  of  projeftion  to 
be  lefs  than  would  be  required  to  carry  the  body 
in  a circle  at  u,  and  the  body  will  accede  towards 
the  center,  by  palling  through  a curve  udf.  If 
the  law  of  the  centripetal  force  he  fuch  (201,  O 
as  to  fuller  the  body  to  recede  again,  aftei  coming 
within  a certain  dillance  of  the  center,  there  will 
be  fome  point  l,  at  which  the  body,  previous  to  its 
going  off",  will  neither  approach  nor  lecede  fiom 
the  center,  but  move  in  a direction  at  right  angles 
to  the  radius.  This  point  is  the  lower  apfis,  and 
its  velocity  will  then  be  inverfely  as  the  perpends 
cular  c l (201,  p). 

Let  us  fuppofe  the  centripetal  force  to  be  in-  tr 
verfely  as  the  cube  of  the  diftance  from  c.  Then 
(200,  m)  the  velocities  neceffary  to  carry  a body  in 
a circle  at  u or  l will  be  inverfely  as  the  diftances 
u c,  lc.  The  adtual  velocities  at  u and  l are  in 
;he  fame  ratio,  and  the  velocity  at  u is  known  to 
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be  too  fmall  to  carry  it  in  a circle  there.  Confc- 
quently,  the  aftual  velocity  at  l muft  be  likewifc 
too  fmall  in  the  fame  ratio,  and  the  body  will  con- 
tinue to  approach  the  center,  after  having  paffed 
the  apfis.  It  will  not,  therefore,  defcribe  a curve 
congruous  with  the  curve  defcribed  in  its  palfage 
between  the  two  apfides.  But  this  laft  confequence 
being  contrary  to  what  has  been  already  proved 
(202,  r)  muft  be  falfe,  and  fo  muft  likewife  be 
the  original  fuppofition  from  which  it  was  deduced. 

V Confequently  it  is  not  true,  that  a body  proje&ed 
with  a velocity  too  fmall  to  keep  it  in  a circle, 
and  acted  on  by  a centripetal  force  inverfely  as  the 
cubes  of  the  diftances,  can  ever  arrive  at  the  lower 

w apfis.  It  muft  therefore  continually  approach  the 

center,  and  at  length  fall  into  it. 

* If  the  body  be  fuppofed  to  be  originally  pro- 
jefted  from  l,  the  lower  apfis,  with  a velocity  too 
great  for  the  centripetal  force,  according  to  the 
fame  law,  to  retain  it  in  a circle,  it  may  be  lliewn 
by  fimilar  argumentation  that  it  would  never  ar- 
rive at  the  higher  apfis,  but  would  continually  re- 
cede from  the  center. 

Y Thus  it  appears,  that  the  inverted  ratio  of  the 
cubes  of  the  diftances  is  the  law  of  centripetal  force 
that  limits  the  revolutions  of  bodies  in  curves  that 
admit  of  alternate  approach  and  recefs  from  the  cen- 
ter. For  if,  according  to  this  law,  a body,  after  once 
beginning  to  approach  the  center  or  to  recede  from 
it,  cannot  but  continue  that  approach  or  recefs, 

it  muft  be  much  more  ftrongly  urged  in  the  fame 
„ manner 
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manner  by  a centripetal  force  that  follows  the  in- 
verted ratio  of  fome  higher  power  of  die  diftance. 
And  again,  if  the  law  of  the  force  follows  fome 
inverted  ratio  lefs  than  that  of  the  cube  of  the 
diftance,  the  velocities  required  to  retain  bodies 
in  circular  orbits  will  be  leis  than  aftei  the  in- 
verted ratio  of  the  diftance  as  that  law  would  re- 
quire (200,  l,  m).  Whence  it  follows,  that  fince 
the  velocities  in  defcending  from  the  uppei  apfis 
increafe  fafter  than  the  diftances  decreaie,  the  per- 
pendicular ch,  fig.  by  • being  leis  than  the  diftance  cd 
(201,  p),  the  motion  of  the  body  will  be  directed 
lefs  and  lefs  towards  the  center,  till  it  becomes  at 
right  angles  to  the  radius,  the  body  being  then 
in' the  lower  apfis.  After  which  it  muft  afcend 
through  a curve  fimilar  and  equal  to  that  it  befoi  e 
defcribed  in  pafting  between  the  apfides  (202,  r). 

Hence  it  is  feen,  that  when  the  centripetal  force 
increafes  in  approaching  the  center  in  a lefs  ratio 
than  the  inverle  ratio  of  the  cubes  01  the  diftances, 
the  law  of  its  increafe  may  be  found  from  the  quan- 
tity of  angular  motion  employed  in  pafting  from 
one  apfis  to  the  other.  For  the  diftance  between 
the  upper  and  lower  apfis  will  be  greater  the  nearei 
the  law  of  the  centripetal  force  approaches  to  that 
ratio,  becaufe  the  body  muft  run  through  a greater 
fpace  before  the  tendency  to  recede  from  the  cen- 
ter, arifing  from  the  velocity  and  direction,  can  be 

equal  to  the  centripetal  force. 

If  a body  revolves  in  an  elliptical  orbit,  deferib- 

ing  equal  areas  in  equal  times  about  one  of  the 

foci. 
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foci,  the  apfides  will  be  at  the  two  extremities  of 
the  tranfverfe  diameter,  or  i8o°  of  angular  mo- 
tion apart,  the  centripetal  force  will  be  direfted 
. to  that  focus  (95,  m),  and  its  intenfity  will  be  in- 
verfely  as  the  fquare  of  the  diftance 
c If  a body  revolves  between  two  apfides,  and 
the  centripetal  force  be  inverfely  as  fome  power  of 
the  diftance,  greater  than  the  fquare  and  lefs  than 
the  cube,  the  diftance  between  the  apfides  will  be 
more  than  1800.  But  if  the  centripetal  force  be 
inverfely  as  fome  power  of  the  diftance  lefs  than 
the  fquare,  the  diftance  between  the  apfdes  will 
be  lefs  than  1800  (205,  a).  In  thefe  cafes  the 
orbit  may  be  confidered  as  an  ellipfis  whofe  tranf- 
verfe diameter,  or  line  of  the  apfides,  is  not  ftation- 
ary,  but  revolves  on  the  focus  to  which  the  force 
d is  diredted.  The  apfides  may  therefore  be  faid  to 
revolve  in  confequentia,  or  with  the  moving  body, 
when  the  force  in  approaching  the  center  is  greater 
than  after  the  inverfe  ratio  of  the  fquare  of  the 
diftance ; or  to  revolve  in  antecedentia  when  the 
e force  is  lefs  than  after  that  ratio.  And  the  quief- 
cence  of  the  apfides  will  be  a proof,  that  the  cen- 
tripetal force  is  accurately  in  the  inverfe  ratio  of  the 
fquare  of  the  diftance. 

f The  periodical  time  of  a revolution  about  the 
focus  in  a quiefcent  ellipfis  is  equal  to  that  which, 
would  be  employed  in  defcribing  a circle  whofe  ra- 
dius is  half  the  tranfverfe  diameter  of  the  ellipfis  f. 

# Principla,  I.  §§.  3.  9.  f Principia,  I.  15. 

Therefore, 
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Therefore,  if  the . fquares  of  the  periodical  times  & 
of  bodies  revolving  in  ellipfes  be  diredly  as  the 
cubes  of  the  mean  diftances  (200,  o)  the  centri- 
petal forces  will  be  inverfely  as  the  diftances. 


CHAP.  II. 

THE  UNIVERSALITY  OF  GRAVITATION  DEDUCE? 
FROM  ITS  EFFECTS. 

TH  E planetary  bodies  being  in  motion  would 
(21,  p)  continue  to  move  for  ever  in  right 
linesj  unlefs  compelled  to  change  their  ftat'e  by 
forces  imprefied.  But  they  move  in  curve  lines  h 
( 1 2 1 , k),  and  confequently  muft  beaded  on  by 
forces  that  continually  defied  their  courfes  out  of 
the  right  lined  diredion. 

Every  primary  planet  moves  with  fuch  a velocity  1 
and  diredion,  that  a line  joining  the  centers  of  the 
planet  and  the  Sun  deferibes  equal  areas  in  equal 
times  (121,  k).  Whence  it  follows,  that  the  cen- 
tripetal forces  which  retain  thefe  planets  in  their 
orbits  are  (95,  n)  direded  to  the  Sun’s  center. 

The  periodical  times  of  the  primary  planets  are 
fuch,  that  their  fquares  are  diredly  in  proportion 
to  the  cubes  of  their  mean  diftances  from  the  Sun. 
Their  orbits  are  (121,  k)  elliptical,  and  their  ap- 
fides  quiefeent.  From  thefe  phenomena  it  is  proved  k 
(207,  g.  205,  b.  206,  e),  that  the  centripetal  forces 
are  inverfely  as  the  fquares  of  the  diftances  from 
the  Sun. 


Every 
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Every  fecondary  planet  moves  with  fuch  a 
velocity  and  diredtion,  that  a line  joining  the  cen- 
ter of  the  fecondary  with  that  and  its  primary,  de- 
L fcribes  equal  areas  in  equal  times.  The  centripe- 
tal forces  retaining  thefe  bodies  in  their  orbits  con- 
fequently  are  (95,  n)  directed  to  the  centers  of 
their  refpedtive  primaries. 

The  periodical  times  of  Saturn’s  moons  are  fuchj 
that  their  fquares  are  diredtly  in  proportion  to  the 
M cubes  of  their  diftances.  And,  therefore,  the  cen- 
tripetal forces  are  inverfely  as  the  fquares  of  the 
dillances  (200,  o). 

n The  fame  phenomenon  in  Jupiter’s  moons 
fhew,  that  their  centripetal  forces  follow  the  fame 
law. 

o The  orbits  of  Saturn’s  and  Jupiter’s  moons  are 
here  taken  to  be  circular.  For  obfervation  has  not 
yet  eftablifhed  the  eccentricity  of  any  of  thefe  or- 
bits, except  that  of  Jupiter’s  fourth  fatellite. 

The  Moon  is  carried  about  the  Earth  with  fuch 
a velocity  and  direction,  that  a line  joining  its 
center  and  that  of  the  Earth,  delcribes  equal  areas 
p in  equal  times  (143,  f).  It  is  therefore  retained 
in  its  orbit  by  a force  directed  to  the  Earth’s 
center. 

The  Moon’s  orbit  is  elliptical,  and  its  apfides 
quiefcent.  Its  centripetal  force  is  therefore  in- 
verfely as  tiie  fquare  of  its  diftance  (205,  b.  206,  e). 

Every  comet  moves  with  fuch  a velocity  and 
direction,  that  a line  joining  the  centers  of  the 
comet  and  Sun  defcribes  equal  areas  in  equal 

times 
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times  (160,  v).  The  centripetal  forces  retaining  R 
the  comets  in  their  orbits  is  (95>  N)  thereroie  di- 
rented  to  the  Sun. 

All  the  comets  defcribe  either  ellipfes  or  para- 
bolas (i6o,u,v).  Thofe  vvhofe  return  has  been  ob- 
ferved  have  their  apfides  quiefcent.  Whence  it  s 
follows  * (205,  b.  206,  e),  that  the  centripetal 
forces  are  inverfely  as  the  iquares  ot  the  diftances 
from  the  Sun. 

It  is  not  to  be  underftood  that  the  planetary  t 
phenomena  are  in  abfolute  ftri&nefs  as  given  in  this 
place.  But  the  irregularities  are  very  fmall,  and 
it  will  hereafter  be  feen,  that  they  are  of  fuch  a 
nature  as  to  give  additional  force  to  the  deduc- 
tions here  made. 

The  force  that  retains  the  Moon  in  its  orbit  is  u 
the  fame  with  that  which  caufes  bodies  near  the 
Earth’s  furface  to  be  heavy,  and  is  called  Gravity. 

To  prove  this  important  truth,  let  us  take  57'  v 
for  the  Moon’s  horizontal  parallax  at  its  mean 
diftance,  and  that  diftance  will,  by  plane  trigono- 
metry, be  found  to  be  60.314  femidiameters  of  the 
Earth.  The  periodical  time  of  the  Moon  is  27  d. 

7 h.  43  m.  (142,  a),  or  39343  minutes,  which  is 
the  fame  period  as  would  obtain  if  its  orbit  were 
a circle  (206,  f)  whofe  radius  is  equal  to  the  mean 
diftance,  and  the  centripetal  force  remained  unal- 
tered. To  come  at  the  effe&s  of  this  force  more 
readily,  it  will  be  convenient  to  attend  to  this  cir- 

* For  the  parabola,  fee  Principia,  I.  *3- 
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cular  revolution.  In  one  minute  of  time  the  Moon 
in  this  orbit  would  pafs  through  the  t+tstt  part,  or 
an  arc  of  32.941  feconds  of  meafure.  The  mean 
length  of  a degree  on  the  Earth’s  meridian  is 
342516  Paris  feet,  which  number  multiplied  by 
60.314,  will  give  20658510  Paris  feet  for  the 
length  of  a degree  in  the  fuppofed  circular  orbit. 
Whence  the  arc  of  32.941  feconds  palled  through 
in  a minute  may  be  found  in  feet,  as  alfo  its 
verfed  fine.  The  verfed  line  being  the  fpace 
through  which  the  Moon  muft  fall  beneath  the 
tangent  in  the  time  of  one  minute,  will  be  the  ef- 
fe<ft  of,  and  will  meafure  the  centripetal  force  (35,  e). 
This  fpace  or  verfed  fine  is  15.0944  Paris  feet. 
Now,  becaufe  the  Moon’s  centripetal  force  is  in- 
verfely  as  the  fquare  of  the  diftance  from  the 
Earth’s  center  (208,  ct_),  we  may  find  what  its  ef- 
fect would  be  at  the  Earth’s  furface  by  faying,  As 
the  fquare  of  60.314,  the  Moon’s  diftance  from  the 
Earth’s  center;  Is  to  the  lquare  of  1,  the  diftance 
of  the  furface  of  the  Earth  from  its  center : So  is 
the  meafure  (35,  e)  of  the  centripetal  force  at  the 
Moon  15.0944  feet;  To  the  meafure  or  effedt  of 
the  fame  force  at  the  Earth’s  furface,  or  54910 
feet. 

w To  find  whether  this  fpace  agrees  with  the  fall 
of  bodies  at  the  Earth’s  furface  by  gravity,  we  muft 
reduce  the  time  to  one  fecond ; becaule  we  have 
no  means  of  direcftly  meafuring  the  adlual  fall  of 
bodies  during  fo  long  a time  as  one  minute.  Now, 
though  the  centripetal  force  of  the  Moon  increafes 
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in  approaching  the  Earth’s  center,  yet  thefe  mea- 
iures  of  that  force  are  ftridtly  accurate,  becaufe 
confidered  as  they  obtain  in  circular  orbits  where 
the  dillance  of  the  body  is  not  diminifhed  by  its 
fall : but  the  difference  would  in  the  prefent  cafe  be 
abfolutely  infenffble  in  fo  fhort  times  as  a fecond 
or  a minute,  even  if  we  fuppofed  the  falling  body 
to  be  moved  in  a right  line  dire&ed  to  the  center. 
The  fpaces  defcribed  by  falling  will  confequently 
be  defcribed  by  an  uniformly  accelerated  motion, 
and  will  be  (29,  g)  as  the  fquares  of  the  times. 
Therefore  as  the  fquare  of  60  feconds ; Is  to  the 
fquare  of  1 fecond:  So  is  54910  feet ; To  15.2528 
feet  that  bodies  would  fall  through  at  the  Earth’s 
furface  in  a fecond  by  the  a&ion  of  the  centripetal 
force  that  retains  the  Moon  in  its  orbit.  % 

But  bodies  fall  through  15.084  Paris  &et  in  a x 
fecond,  by  the  aftion  of  gravity.  The  fall  of 
bodies  near  the  Earth’s  furface  and  of  the  Moon 
are  effects  of  the  fame  kind,  and  therefore,  by 
the  fecond  rule  of  philofophizing,  are  produced 
by  the  fame  caufe.  That  is  to  fay,  the  Moon  is 
retained  in  its  orbit  by  gravity. 

Moreover,  fince  it  is  eftablifhed  from  the  Moon’s  y 
revolution  in  its  orbit  that  a centripetal  force  exifts 
and  atts  in  the  dire&ion  towards  the  center  of  the 
Earth,  and  no  good  reafon  can  be  given  again  ft 
its  adlion  that  would  take  place,  according  to  its 


law,  on  bodies  any  where  fituated,  it  muff;  fol- 
low, that  bodies  fall  near  the  Earth’s  furface,  ei- 


1 ther  by  this  force  alone  or  by  this  force  in  conjunc- 
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tion  with  Tome  other.  But  this  latter  confequence 
cannot  be  admitted,  becaufe  bodies  would  then  fall 
with  greater  velocity  than  the  Moon  at  the  fame 
diftance;  whereas  it  has  been  juft  fnewn,  that 
their  velocities  are  fomewhat  lefs. 
z And  even  this  difference  between  the  velocities 
of  the  Moon  and  of  fmaller  bodies  affords  an  ad- 
ditional proof,  that  the  fame  force  of  gravity  ia  • 
concerned  in  both.  For  the  force  would  have 
proved  accurately  the  fame,  as  far  as  obfervation 
can  meafure  its  effects,  if  proper  allowance,  ac- 
cording to  the  laws  of  gravity  known  from  its  f 
effefts  on  heavy  bodies,  had  been  made  in  the  J 
computation  for  the  mafs  of  the  Moon,  and  the 
Sun’s  aeftion  on  the  Earth  and  Moon. 

a 

A The  revolutions  of  the  fatellites  of  Jupiter  ami 
Saturn,  and  alfo  thofe  of  the  primary  planets  and 
of  the  comets,  are  phenomena  of  the  fame  kind  as 
the  Moon’s  revolution  about  the  Earth,  and  are 
therefore  (6,  n.)  to  be  attributed  to  the  fame 
caufes,  namely,  to  an  original  or  projectile  motion, 
compounded  with  a motion  produced  by  gravity. 
b Action  and  re-a<5tion  (22,  r)  being  equal,  it' 
follows  alfo,  becaufe  the  fecondary  planets  gravi-| 
tate  towards  their  primaries,  and  the  primary 
planets  together  with  their  fatellites,  as  likewifel 
the  comets,  gravitate  towards  the  Sun,  that  the 
primary  planets  muft  likewife  gravitate  towards 
their  fecondaries,  and  the  Sun  towards  the  whole 
* fyftem*  That  is  to  fay,  gravitation  is  univerfal,  ’ 
or  a property  of  all  bodies  whatfoever. 

The! 
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The  mutual  a&ion  of  two  bodies  (22,  r.  95,  o)  d 
that  gravitate  to  each  other  is  the  caufe  that  if  they 
fall,  both  will  approach  the  common  center  of  gravity 
with  equal  quantities  of  motion,  or  if  they  have  at  the 
Came  time  a projeftile  velocity,  both  will  abfolutely 
revolve  about  that  center.  If  one  of  the  two  bodies 
exceed  the  other  indefinitely  in  mafs,  its  velocity 
( 1 9,  l)  of  approach  will  be  indefinitely  lefs  than  that 
of  the  other  in  the  former  cafe,  or  the  radius  of  its  orbit 
will  be  indefinitely  lefs  than  that  of  the  other  in  the 
latter  cafe.  Whence  the  whole  relative  velocity  of  ap-  e 
proach  may  be  taken  for  the  abfolute  velocity  pro- 
duced in  the  lefs  body  ; or  the  orbit  defcribed  by  the 
lefs  body  about  the  greater  may  be  taken  for  that  which 
it  defcribes  about  the  common  center  of  gravity. 

The  fall  of  bodies  near  the  Earth’s  furface  may  f 
be  regarded  as  their  abfolute  motion. . For  the 
magnitude  of  the  Earth  is  fo  great  with  refpeT 
to  the  bodies  with  which  art  can  make  expe- 
riments, that  its  velocity  is  incomparably  fmaller 
than  the  differences  which  the  imperfeftions  of  the 
fenfes  muff  caufe  in  all  obfervations.  We  may  o 
likewife  in  this  place  confider  the  motions  of  the 
planets  and  comets  about  the  Sun  as  abfolute, 
though  the  magnitude  of  that  luminary  is  not  fo 
exceffive  as  to  render  thofe  of  the  planets  incon- 
fiderable.  The  fame  is  to  be  underflood  of  the  u 

fatellites  of  Jupiter  and  Saturn. 

AH  bodies  fall  near  the  Earth’s  furtace  with  1 

equal  velocities  (26,  a,  b).  The  planets  and  comets 
beino-  accelerated  towards  the  Sun  by  powers  whicn 
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are  (207,  k.  209,  s)  inverfely  as  the  fquares  of  the  dif- 
tances,  would  confequently  be  equally  accelerated 
at  equal  diftances.  The  fame  is  true  of  the  fatel- 
lites  with  refpedt  to  the  Sun,  becaufe  they  revolve 
together  with  their  primaries  in  the  annual  orbits, 
and  alfo  with  refpedt  to  their  primaries  (208,  m,  n). 
k From  thefe  equal  accelerations  it  follows,  that 
the  force  of  gravity  which  urges  minute  bodies  to- 
wards any  other  larger  body,  is  in  proportion  to 
the  mafs  of  the  body  urged. 
l This  law  of  gravity  being  eftablifhed  from  ob- 
fervations  in  cafes  where  the  velocity  of  the  fmaller 
body  can  be  taken  without  fenfible  error,  we  may 
again  refume  the  confideration  of  the  re-a£lion  of 
the  fmaller.  Let  us  call  the  larger  l,  and  the 
fmaller  s.  Then,  becaufe  s is  urged  towards  l, 
by  a force  which  is  as  the  magnitude  of  s,  l will 
be  urged  (22,  r)  towards  s,  with  the  fame  force. 
That  is,  if  s becomes  larger,  it  will  attraft  l the 
more  ftrongly  in  proportion.  Now,  s may  be 
imagined  to  become  larger,  fo  as  even  to  exceed 
l in  any  ratio  whatever,  and  the  increafe  of  at- 
M tra&ion  will  (till  obtain.  Therefore,  a given  body 
not  only  attracts  another,  in  proportion  to  the 
mafs  of  this  laft,  but  alfo  in  proportion  to  its  own 
N mafs.  That  is  to  fay,  the  force  of  gravitation  ex- 
erted between  two  bodies  is  in  the  compound  ra- 
tio of  their  makes, 

o The  abfolute  force  of  gravity  being  in  the  com- 
pound ratio  of  the  makes  of  the  two  bodies,  or 
as  the  makes  multiplied  into  each  other,  will  be 

meafured 
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meafured  by  the  quantity  of  motion  produced  m 

either  body  (a . , O,  1 9-  0 » ?iven  “"e’  ?r  ^ 

mafs  of  the  body  multiplied  into  its  velocity  ; uu 

is,  the  numeral  produft  of  the  maffes  will  be  equ 
to  the  numeral  produd  of  the  mafs  of  one  of  the 
bodies  into  its  velocity.  Now,  if  each  of  thel 
equal  produds  be  divided  by  the  mafs  of  the  body, 
Whofe  velocity  is  conf.dered,  the  two  remainders 
will  be  equal,  namely,  the  mafs  of  the  one  body  will 
be  equal  to  the  velocity  of  the  other.  Or,  more 
clearlv  (becaufe  we  have  ufed  number,  in  order  to 
avoid  the  comparifon  of  ratios,  which  is  lefs  gene- 
rally underftood)  the  mafs  of  one  body  wo  be 
the  velocity  or  acceleration  of  the  other.  enc*  O. 
it  follows,  that  if  the  velocities  produced  in  bodies 
by  gravitation  be  known,  the  proportional  maffes 
of  the  bodies  towards  which  they  are  urged  will  be 

alfo  known. 

From  this  confequence  the  mafs  of  any  large  pla-  R 
net  may  be  known  from  the  velocity  of  defiant  it 
produces  in  bodies  indefinitely  finder  ton  «&■ 
For  the  relative  velocities  of  fuchfmallbodies(ai  3, e), 
with  refped  to  the  larger,  may  be  taken  for  their  ab- 

Xte  velocities.  Now,  the  velocities  of  the  planets  S 

towards  the  Sun,  of  the  fatellites  of  Jupiter  an 
Saturn  towards  their  refpedtive  primaries  ^ 
and  of  projediles  near  the  Earth  s furface,  bein 
duced  to  equal  diftances  of  the  attrading  o ie  , 
was  done  in  comparing  the  Moon’s  gravity  with  that 
of  terreftrial  bodies  (209,  v,  w,  x)  or  otherwifc,  are, 
and  confidently  likewife  their  maffes  are,  (nearly) 
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as  the  numbers  i,  -nszi , T9V7,  and  Hence 

alfo  the  denfities  may  be  found,  becaufe  their  bulks 

T are  known  from  obfervation.  Thus,  the  denfi- 

# 

ties,  or  lpecific  gravities,  are  in  four  bodies  juft 
mentioned,  100,94-,  36,  and  400.  Thefe  num- 
bers may  be  familiarized  to  the  imagination,  by 
obferving,  that  if  the  mean  denfity  of  the  Earth  be 
fuppofed  to  anfwer  to  that  of  common  green  glafs, 
the  Sun’s  denfity  would  be  equal  to  that  of  dry 
pear-tree,  Jupiter’s  to  cedar,  and  Saturn’s  to  cork, 
u Our  knowledge  of  the  remote  parts  of  the  pla- 
netary fyftem  is  too  imperfect  to  admit  of  many  re- 
v marks  on  the  fadts  we  can  obferve  and  deduce.  It 
is,  however,  worthy  of  notice,  that  the  immenfely 
large-planets,  Jupiter,  Saturn,  and  the  Georgium 
Sidus,  would  have  occafioned  great  irregularities  by 
their  attractions  on  the  other  bodies  of  the  fyftem  ; 
if,  inftead  of  being  placed  at  the  great  diftances 
they  are  from  the  common  center  of  gravity,  and 
from  each  other,  they  had  occupied  the  places  of 
the  fmall  planets,  Mars,  the  Earth,  Venus  orMer- 
w cury.  And  if  the  celeftial  fpaces  be  not  abfolutely 
vacuous,  but  poffeffed  by  lome  very  rare  matter, 
(175,  a)  the  refiftance  fuch  matter  muft  afford 
in  the  courfe  of  ages  to  the  motions  of  the  planets, 
will  be  brought  nearly  to  equality  in  its  effects,  if 
the  planets  which  move  fwifter  are  at  the  fame  time 
more  denfe.  Laftly,  becaufe  it  is  obferved  in  the 
conftitution  of  terreftrial  bodies,  that  the  denfer  re- 
quire, in  many  inftances,  a higher  degree  of  heat 
to  produce  given  changes  in  them,  it  has  been  con- 

jedlured, 
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je&ured,  not  without  fome  degree  of  pioo-ibility, 
that  the  planets  nearer  the  Sun  are  for  this  pnrpofe 
formed  of  denfer  materials  adapted  to  their  fitua- 

tion. 

From  the  univerfality  of  gravitation  (212,  c)  x 
it  is  deduced,  that  the  fixed  ftars  are  either  fal- 
ling towards  the  common  center  of  gravity  of  the 
univerfe,  or  are  made  to  deferibe  immenfe  orbits 
-which  ultimately  refpea  that  center.  The  life  of 
man,  affifted  by  every  traditional  record  for  thou- 
fands  of  years,  feems  too  Ihort  to  afeertain  die  refult 
of  this  fublime  enquiry.  It  will  be  a grand  acqui- 
fition,  if  the  repeated  obfervations  of  feveral  centu- 
ries to  come  fhould  determine  the  proper  motions 
of  the  vaft  number  of  funs  that  compofe  the  nebuh£,  ^ 
(194,  z)  of  which  our  whole  planetary  fyftem, 
with  all  its  comets,  forms  fo  inconfiderable  a part. 
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C H A P.  III. 

OF  THE  IRREGULARITIES  ARISING  FROM  THE 
MUTUAL  GRAVITATION  OF  THE  PLANETS. 

y TF  the  Sun  were  at  reft,  and  the  planets  did  not 
JL  mutually  gravitate  towards  each  other,  they 
would  deferibe  ellipfes,  having  the  Sun  in  the 
common  focus.  But  fince  they  mutually  a<ft 
on  the  Sun,  and  on  each  other  (212*,  c)  it  muft 
follow  that  the  Sun  is  perpetually  moved  about 
the  center  of  gravity  of  all  the  planets,  which  cen- 
ter is  the  common  focus  of  their  orbits.  This  cen- 
ter, by  reafon  of  the  Sun’s  very  great  bulk,  can, 
in  no  fituation,  exceed  the  diftance  of  its  femidia- 
z meter  from  its  furface.  Some  fmall  irregularities 
arife  from  thefe  mutual  adlions,  but  much  lefs  than 
would  enfue  if  the  Sun  were  at  reft,  or  not  Subject  to 
the  re-aflion  of  the  other  planets.  The  irregularities 
in  the  motions  of  the  primary  planets  are  fcarcely 
confiderable  enough  to  come  under  observation  in 
the  courfe  of  many  revolutions  : thofe  of  the  Moon, 
on  account  of  its  nearnefs  to  us,  and  from  other 
caufes,  have  ever  been  Sufficiently  great,  to  embar- 
rafs  the  aftronomical  world.  It  will  therefore  be 
Sufficient  to  explain  the  latter,  and  apply  the  expla- 
nation-to  the  former,  which  are  effedts  of  the  fame 
kind. 

a If  the  actions  of  the  Sun  upon  the  Earth  and 
Moon  were  equal  upon  each,  according  to  their 
maftes,  and  tended  to  produce  motions  in  parallel 

dire&ions. 
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directions,  their  relative  motions  would  be  the  fame 
as  if  no  fuch  forces  afted  upon  them  (79,  w).  But 
thefe  forces  vary,  both  in  quantity  and  dire&ion, 
according  to  the  various  relative  fituations  of  the 
Earth  and  Moon. 

Let  the  point  s (fig.  66.)  reprefent  the  Sun,  e the  b 
Earth,  and  adbc  the  orbit  of  the  Moon.  Then,  if 
the  Moon  be  at  the  quadrature  a,  the  diftances  e s 
and  a s of  the  Earth  and  Moon  from  the  Sun,  be- 
ing  equal,  their  gravities  towards  s will  alfo  be 
equal,  and  may  be  reprefented  by  thofe  lines  e s and 
a s.  Draw  the  line  a l parallel  and  equal  to  es, 
and  join  l s,  which  will  be  parallel  to  ae.  The  force 
a s may  be  refolved  (23,  t)  into  the  two  forces  a l 
and  a e ; of  which  a l,  by  reafon  of  its  parallelifm 
and  equality  to  es  (79,  w)  will  not  difturb  their 
relative  motions  orfituation:  but  the  force  a e,  con- 
fpiring  with  that  of  gravity,  will  caufe  the  Moon  to 
fall  farther  below  the  tangent  of  its  orbit  than  it 
would  have  done  if  no  fuch  difturbing  force  had  ex- 
ifted.  Therefore,  at  or  near  the  quadratures,  the  c 
Moon’s  gravity  towards  the  Earth  is  increafed  more 
than  according  to  the  regular  courfe,  and  its  orbit 
is  rendered  more  curve. 

When  the  Moon  is  at  the  conjunflion  c,  the  dif-  d 
tances  e s and  c s not  being  equal,  the  Moon  s 
gravitation  towards  the  Sun  exceeds  that  of  the  Earth 
in  the  fame  proportion  as  the  fquare  of  e s exceeds 
the  fquare  of  cs.  And  becaule  the  excefs  a<5ls 
contrary  to  the  dire£tion  of  the  Moon’s  gravity  to- 
wards the  Earth,  it  diminilhes  the  effeCt  thereof,  and 

caufes 
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caufes  the  Moon  to  fall  lefs  below  the  tangent  of  its 
orbit  than  it  would  if  no  fuch  diflurbing  force 
exifted.  A like,  and  very  nearly  equal,  effefr  fol- 
lows, when  the  Moon  is  at  the  oppofition  d,  by  the 
Earth’s  gravitation  towards  the  Sun  being  greater 
than  that  of  die  Moon  ; whence  their  mutual  gra- 

e vity  is  diminifhed  as  in  the  former  cafe.  Therefore, 
at  or  near  the  conjunction  or  oppofition,  the  Moon’s 
gravity  is  diminifhed,  and  its  orbit  is  rendered  lefs 
curve. 

f It  is  found,  that  the  force  added  to  the  Moon’s 
'gravity  at  the  quadratures,  is  to  the  gravity  with 
which  it  would  revolve  about  the  Earth  in  a circle 
at  its  prefent  mean  diflance,  if  the  Sun  had  no  effeCt 
on  its  motion,  as  i to  190 ; and  that  the  force  fub- 
dufted  from  its  gravity  at  the  conjunction  or  oppo- 

g fition  is  about  double  this  quantity.  The  influence 
of  the  Sun,  then,  on  the  whole,  increafes  the  Moon’s 
diflance  from  the  Earth,  and  augments  its  periodi- 
cal time  ; and  fince  this  influence  is  mofl  confi- 
derable  when  the  Earth  is  nearefl  the  Sun,  or  in 
its  perihelium,  its  periodical  time  mufl  then  be 
the  greateft,  as  appears  likewife  from  obfervation 
(144,  k). 

h To  fhew  the  cffeCt  of  the  Sun  in  diflurbing  the 
Moon’s  motion  at  any  fituation  between  the  con- 
junction and  one  of  the  quadratures,  fuppofe  at  m 
(fig.  66.)  let  es  reprefent  the  Earth’s  gravity  to- 
wards the  Sun  ; draw  the  line  m s,  which  continue 
towards  g , from  m fetoff  mg,  fo  that  mg  nay  be 
to  es  as  the  fquare  of  the  Earth’s  diflance  es  .is  to 

the 
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the  fquare  of  the  Moon’s  diftance  m s ; and  m g 
will  reprefent  the  Moon’s  gravity  towards  the  Sun. 
From  m draw  m f parallel,  and  equal  to  e s ; join 
f c,  and  draw  m h parallel,  and  equal  to  f g.  The 
force  m g may  be  refolved  into  m f and  mhj  of 
which  mf,  byreafon  of  its  parallelifm  and  equality  to 
z s,  will  notdifturb  the  relative  motions  or  lituations 
of  the  Moon  and  Earth;  mi-i  then  is  the  difturbing 
force.  Draw  the  tangent  m k to  the  Moon’s  orbit, 
and  continue  the  radius  e m towards  i ; draw  h i pa- 
rallel to  k m,  and  interfering  m i in  i,  and  com- 
plete the  parallelogram  by  drawing  h k parallel  to 
i m,  and  interfering  m k in  k.  The  force  m h may 
be  refolved  into  m i and  mk;  of  which  m i affbrs 
the  gravity,  and  mk  the  velocity  or  the  Moon. 
When  the  force  m h coincides  with  the  tangent ; 
that  is,  when  the  Moon  is  350  16'  diftant  fiom 
the  quadrature,  the  force  m r,  which  alters  the  gra- 
vity, vaniflies;  and  when  the  force  m h coincides 
with  the  radius,  that  is,  when  the  Moon  is  either 
in  the  conjunrion  or  quadrature,  the  force  m k 
vanishes.  Between  the  quadrature  and  the  di (lance 
of  ^5°  1 6'  from  it,  the  line  or  force  M h falls  with- 
in the  tangent,  and  confequently  the  force  m i is 
direred  towards  e,  and  the  Moon’s  gravity  is  in- 
creafed  : but,  at  any  greater  diftance  from  the  qua- 
drature, the  line  m h falls  without  the  tangent,  and 
the  force  m i is  direred  from  e,  the  Moon  s gravity 
being  diminifhed.  It  is  evident  that  the  force  m k i 
is  always  direred  to  fome  point  in  tne  line  which 

paftes  through  the  centers  of  the  Sun  and  Earth; 

therefore 
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therefore  it  will  accelerate  the  Moon’s  motion,  while 
it  is  approaching  towards  that  line,  or  the  conjunc- 
tion, and  fimilarly  retard  it  as  it  recedes  from  it,  or 
approaches  towards  the  quadrature,  by  confpiring 
with  the  motion  in  one  cafe,  and  fubdufting  from 
it  in  the  other. 

k.  As  the  Moon’s  gravity  towards  the  Sun  at  the 
conjunction  is  diminilhed  by  a quantity  which  is  as 
die  difference  of  thefquares  of  their  diltances ; and 
as  diis  difference,  on  account  of  the  very  great  dif- 
tance  of  the  Sun,  is  nearly  the  lame  when  the  Moon 
is  at  the  oppolition,  the  mutual  tendency  to  feparate, 
or  diminution  of  gravity,  will  be  very  nearly  the 
lame.  Whence  it  eafily  follows,  that  all  the  irre- 
gularities which  have  been  explained  as  happening 
between  die  quadratures  and  conjunction  mult  in 
like  circumftances  take  place  between  the  quadra- 
tures and  the  oppofition. 

l If  the  Moon  revolved  about  the  Earth  in  a cir- 
cular orbit,  the  Sun’s  difturbing  influence  being 
fuppofed  not  to  aft,  then  this  influence  being  fup- 
pofed  to  aft  would  convert  the  orbit  into  an  ellipfis. 
For  the  increafe  of  gravity  renders  it  more  curve  at 
the  quadratures,  by  caufing  die  Moon  to  fall  further 
below  the  tangent ; and  the  diminution  of  gravity, 
as  well  as  the  increafed  velocity,  renders  the  orbit 
lefs  curve  at  the  conjunftion  and  oppolition,  by 
caufing  the  Moon  to  fall  lefs  below  the  tangent 
in  a given  time.  Therefore  an  ellipfis  would  be 
defcribed,  whofe  lefs  or  more  convex  parts  would 
be  at  die  quadratures,  and  whofe  longeft  diameter 

would 
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would  pafs  through  them.  Confequently  the  Moon 
would  be  fartheft  from  the  Earth  at  the  quadra- 
tures, and  neareft  at  the  conjunction  and  oppofition. 
Neither  is  it  ftrange  that  the  Moon  fhould  approach 
or  come  nearer  to  the  Earth  at  the  time  when  its 
gravity  is  the  leaft,  fince  that  approach  is  not  the 
immediate  confequence  of  the  decreafe  of  gravity, 
but  of  the  curvity  of  its  orbit  near  the  quadratures ; 
and  in  like  manner,  its  recefs  from  the  Earth  at  the 
quadratures  does  not  arife  immediately  from  its  di- 
minifhed  gravity,  but  from  the  velocity  and  direc- 
tion acquired  at  the  conjunction  or  oppofition. 

But  as  the  Moon’s  orbit  is,  independent  of  the  m 
Sun’s  action,  an  ellipfis,  thefe  effeCts  take  place 
only  as  far  as  circumftances  permit. 

The  Moon’s  gravity  towards  the  Earth  being  n 
thus  fubjeCt  to  a continual  change  in  its  ratio,  its 
orbit  is  of  no  conftant  form.  The  law  of  its  gra- 
vity being  nearly  in  the  inverfe  proportion  of  the 
fquares  of  the  diftances,  its  orbit  is  nearly  a quief- 
cent  ellipfis  (206.)  ; but  the  deviations  from  this 
law  occafions  its  apfides  to  move  direCt  or  retro- 
grade, according  as  thofe  deviations  are  in  defeCt 
or  excefs  (206,  c).  Aftronomers,  to  reduce  the 
motion  of  the  apfides  to  computation,  fuppofe  the 
revolving  body  to  move  in  an  ellipfis,  whofe  tranf- 
verfe  diameter  or  line  of  the  apfides  revolves  at  the 
fame  time  about  the  focus  of  the  orbit.  When  the 
Moon  is  in  the  conjunction  or  oppofition,  the  Sun 
fubdyCts  from  its  gravity  (220,  e),  and  that  the 
more  the  greater  its  diftance  is  from  the  Earth,  fo 

that 
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that  its  gravity  follows  a greater  proportion  than  the 
inverted  ratio  of  the  fquare  of  the  diftance,  and  con- 
fequently  the  apfides  of  its  orbit  muft  then  move 
in  confequentia,  or  direft  (20 6,  d).  In  the  qua- 
dratures the  Sun  adds  to  the  Moon’s  gravity^ 
(219,  g)  and  that  the  more  the  greater  its  diftance 
from  the  Earth,  fo  that  its  gravity  follows  a lefs 
proportion  than  the  inverted  ratio  of  the  fquare  of 
her  diftance,  and  confequently  the  apfides  of  its 
orbit  muft  then  move  in  antecedentia,  or  retro- 

o grade  (206,  e).  But  becaufe  the  action  of  the 
Sun  fubdufts  more  from  the  Moon’s  gravity  in  the 
conjunction  and  oppofition  than  it  adds  to  it  in  the 
quadratures  (220,  f)  the  direft  motion  exceeds  the 
retrograde,  and  at  the  end  of  each  revolution  the 
apfides  are  found  to  be  advanced  according  to  the 
order  of  the  figns. 

p If  the  plane  of  the  Moon’s  orbit  coincided  with 
that  of  the  ecliptic,  thefe  would  be  the  only  irre- 
gularities arifing  from  the  Sun’s  aftion  ; but  be- 
caufe it  is  inclined  to  the  plane  of  the  ecliptic  in  an 
angle  of  about  five  degrees,  the  whole  difturbing 
force  coes  not  aft  upon  the  Moon’s  motion  in  its 
orbit,  a fmall  part  of  the  force  being  employed  to 
draw  it  out  of  the  plane  of  the  orbit  into  that  of  the 
ecliptic. 

0^  Of  the  forces  m k and  m i,  fig.  66.  which  difturb 
the  Moon’s  motion,  m i being  always  in  the  direc- 
tion of  the  radius,  can  have  no  effeft  in  drawing 
it  out  of  the  plane  of  its  orbit.  And  if  the  force 
m k really  coincided  with  the  tangent,  as  we,  neg- 
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lcCting  the  fmall  deviation  arifing  from  the  obli- 
quity of  the  Moon’s  orbit  have  hitherto  fuppofed, 
it  is  evident  that  its  only  effeCt  would  be  that  of 
accelerating  or  retarding  the  Moon’s  motion,  with- 
out affecting  the  plane  of  its  orbit.  But  becaufe 
that  force  is  always  directed  to  fome  point  in  the 
line  which  paffes  through  the  centers  of  the  Sun  and 
Earth  (221,  1)  it  is  evident  that  it  can  coincide  with 
the  tangent  only  when  that  line  is  in  the  plane  of  the 
Moon’s  orbit  j that  is  to  fay,  when  the  nodes  are  in 
the  conjunction  and  oppofition.  At  all  other  times 
tfie  force  mk  muft  decline  to  the  northward  or  fouth- 
ward  of  the  tangent,  and  compounding  itfelf  with 
the  Moon’s  motion,  will  not  only  accelerate  or 
retard  it,  according  to  the  circumftances  before 
explained,  but  will  likewife  alter  its  direction, 
deflecting  it  towards  that  fide  of  the  orbit  on  which 
the  point,  the  force  mk,  tends  to,  is  fituated.  This 
defleCtion  caufes  the  Moon  to  arrive  at  the  ecliptic 
either  fooner  or  later  than  it  would  otherwife  have 
done;  or,  in  other  words,  it  occafions  the  inter- 
feCtion  of  its  orbit  with  the  ecliptic  to  happen  in  a 
point  of  the  ecliptic,  either  nearer  to,  or  further 
from,  the  Moon,  than  that  in  which  it  would  have 
happened  if  fuch  defleCtion  had  not  taken  place. 

To  illuftrate  this,  let  the  elliptical  projection  r 
coa.N  (fig.  67.)  reprefent  a circle  in  the  plane  of 
the  ecliptic,  mop  n the  Moon  s orbit,  interfering 
the  ecliptic  in  the  nodes  n and  o.  Suppoie  the  Moon 
to  be  in  the  northern  part  of  its  orbit  at  m,  and 
moving  towards  the  node  o ; the  difturbing  force 
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mk,  which  tends  towards  a point  in  the  line  s e to 
the  fouthward  of  the  tangent  m t,  will  be  com- 
pounded with  the  tangental  force,  and  will  caufc 
the  Moon  to  delcribe  the  arc  m m,  to  which  MR  is 
tangent,  inftead  of  the  arc  m o j whence  the  node  o 
is  laid  to  be  moved  to  m.  In  this  manner  the 
motion  of  the  nodes  may  be  explained  for  any  other 
fituation. 

s This  motion  evidently  depends  on  a twofold  cir- 
cumftance,  namely,  the  quantity  and  direction  of 
the  force  ml  If  the  force  mk  be  increafed,  its 
direction  remaining  the  fame,  it  will  defleCt  the-,  j 
curve  of  the  Moon’s  path  from  its  orbit  in  a greater 
degree  j and  on  the  other  hand,  if  its  direction  be 
altered,  fo  as  to  approach  nearer  to  a right  angle 
with  the  tangent,  it  will  caufe  a greater  deflection, 
t though  its  quantity  remain  the  fame.  When  the 
Moon  is  wi  the  quadratures,  the  force  m k vanilhcs, 
(220,  h)  confequently  the  nodes  are  then  fta- 
tionary.  When  the  Moon  is  at  the  oCtant,  or 
forty-five  degrees  from  the  quadrature,  the  force 
m k is  greateft  of  all,  and  therefore  the.  motion 
of  the  nodes  is  then  molt  confiderable,  as  far  as  it 
u depends  on  the  quantity  of  mk.  But  the  direc- 
tion of  this  force  in  like  circumllances  depends  on 
the  fituation  of  the  line  of  the  nodes.  If  the  line 
of  the  nodes  coincides  with  the  line  palling  through 
the  centers  of  the  Sun  and  Earth,  the  force  m k 
coincides  with  the  tangent  of  the  Moon’s  orbit* 
and  the  nodes  are  flationary.  And  the  farther  the 
node  is  removed  from  that  line,  the  farther  is  that. 

line 
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line  removed  from  the  plane  of  the  Moon’s  orbit  j 
till  the  line  of  the  nodes  is  in  the  quadratures, 
at  which  time  the  line  palling  through  the  centers  of 
the  Sun  and  Earth,  makes  an  angle  with  the  plane  of 
the  Moon’s  orbit  equal  to  its  whole  inclination,  or 
five  degrees  : confequently  the  angle  formed  between 
mk  and  the  tangent  in  like  circumftances  is  then 
greatefl,  m k being  diredted  to  a point  in  a line 
which  is  further  from  the  plane  of  the  Moon’s  orbit 
than  at  any  other  time,  and  of  courfe  the  motion 
of  the  nodes  is  then  molt  confiderable. 

To  determine  the  quantity  and  direction  of  the  v 
motion  of  the  nodes,  fuppofe  the  Moon  in  the  quar- 
ter preceding  the  conjundtion,  and  the  node  towards 
which  it  is  moving  to  be  between  it  and  the  con- 
jundtion : in  this  cafe  its  motion  is  diredted  to  a 
point  in  the  ecliptic,  which  is  lefs  diftant  than  the 
point  tov/ards  which  the  force  m k is  diredted  : the 
force  m k then,  compounding  with  the  Moon’s 
motion,  caufes  it  to  be  diredted  to  a point  more 
diftant  than  it  would  otherwife  have  been  j that  is 
to  fay,  the  node,  towards  which  the  Moon  moves, 
is  moved  towards  the  conjundtion,  When  the 
Moon  has  palled  the  node,  its  courfa  is  diredted  to 
the  other  node,  which  is  a point  in  the  ecliptic 
more  diftant  than  the'  point  to  which  mk  is  di- 
redted, and  therefore  m k,  compounding  with  its 
motion,  caufes  it  to  be  diredted  to  a point  lefs  dif- 
tant than  it  would  "otherwife  have  been  ; fo  that  in 
this  cafe  likewife,  the  enfuing  node  is  moved  to- 
wards the  conjundtion.  After  the  Moon  has  palled 
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tlie  conjunction,  the  force  m k.  ftill  continues  to 
deflect  its  courfe  towards  the  ecliptic,  and  confe- 
quently  the  motion  of  the  node  is  the  fame  way 
till  its  arrival  at  the  quadrature.  Suppole  again, 
the  Moon  to  be  at  the  conjunction,  and  the  node 
towards  which  it  is  moving  to  be  between  it  and 
the  quadrature.  In  this  cafe  the  force  m k com- 
pounding with  the  Moon’s  motion,  caufes  it  to 
move  towards  a point  in  the  ecliptic  lefs  diftant 
than  it  would  otherwife  have  done,  fo  that  the  en- 
fuing  node  is  brought  towards  the  conjunction. 
When  the  Moon  has  palled  the  node,  the  force 
m k.  ftill  continuing  to  defleCt  its  courfe  towards 
the  fame  fide  of  its  orbit,  produces  a contrary  effeCt, 
namely,  as  it  before  occafioned  it  to  converge  to 
the  ecliptic,  fo  it  now  caufes  it  to  diverge  from  it, 
and  its  motion  in  confequence  tends  continually  to 
a point  in  the  ecliptic  more  diftant  than  it  would 
otherwife  have  done  : the  enfuing  node  in  this  in- 
ftance  being  alfo  brought  towards  the  conjunction. 

w As  the  difturbing  forces  are  very  nearly  the 
fame  in  the  half  of  the  Moon’s  orbit,  (222,  k) 
which  is  fartheft  from  the  Sun,  this  laft  paragraph 
is  true,  when  it  moves  in  that  part  of  its  orbit,  if 
the  word  oppofition  be  every  where  inferted  inftead 
of  the  word  conjunction. 

x Whence  it  is  eafy  to  deduce  this  general  rule,  that 
when  the  Moon  is  in  the  part  of  its  orbit  neareft  the 
Sun,  the  node  towards  which  it  is  moving  is  made 
to  move  towards  the  conjunction  : and.  when  it  is 
in  the  part  of  its  orbit  fartheft  from  the  Sun,  the 

node 
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node  towards  which  it  is  moving  is  made  to  move 
towards  the  oppofition. 

Suppofe  the  Moon  at  ci_,  (fig-  63.)  or  the  qua-  y 
drature  preceding  the  conjunction,  then  the  enfuing 
node,  if  at  90°  diftance,  or  at  the  conjunction  c,  will 
be  ftationary  (226,  u)  but  if  it  be  at  a greater  or  Ids 
diftance,  it  will  be  brought  towards  c (228,  x).  Thus, 
if  the  nodes  be  in  the  pofition  m n,  the  enluing 
node  m,  being  at  a lefs  diftance  from  Q_than  90%  will 
move  towards  c,  or  direCt,  while  the  Moon  moves 
through  the  arc  q^m  ; after  which  n becomes  the 
enfuing  node,  and  likewife  moves  towards  the  con- 
junction c,  or  retrograde  during  the  Moon’s  mo- 
tion through  the  arc  mr.  And  becaufe  the  arc 
M R exceeds  q_m,  the  retrograde  motion  exceeds  the 
direCt.  Again,  if  the  nodes  be  in  the  pofition  n m, 
the  enfuing  node  n being  at  a greater  diftance  from 
Ojihan  90°,  will  move  towards  c,  or  retrograde, 
during  the  Moon’s  motion  through  the  arc  o_n  * 
after  which  the  node  m becomes  the  enluing  node, 
and  likewife  moves  towards  the  conjunction  c,  or 
direCt,  during  the  Moon’s  motion  through  the  arc 
nR.  And  becaufe  the  arc  qji  exceeds  nr,  the 
retrograde  motion  here  alfo  exceeds  the  direCt. 
If  the  nodes  be  in  the  quadratures  q_R,  the  enfuing 
node  r removes  towards  c,  or  retrograde,  during 
the  Moon’s  motion  through  the  arc  ojt,  or  almoft 
the  whole  femi -orbit.  The  fame  may  be  fhewn  in 
the  other  half  of  the  orbit  r o o_with  refpeCt  to  the 
oppofition  o;  and  therefore,  in  every  revolution  of 
the  Moon,  the  retrograde  motion  of  the  nodes  ex-  s 
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z ceeds  the  direCt ; and,  on  the  whole,  the  nodes  are 
carried  round,  contrary  of  the  order  of  the  figns. 

a The  line  of  the  conjunction  is  by  the  Earth’s 
annual  motion  brought  into  every  pofiible  fituation 
with  refpeft  to  the  nodes  in  the  courfe  of  a year, 
independant  of  their  own  proper  motion ; which 
laft  occafions  the  change  of  fituation  to  be  per- 
formed in  about  nineteen  days  lefs. 

3 The  inclination  of  the  Moon’s  orbit  being  the 
angle  which  its  courfe  makes  with  the  plane  of  the 
ecliptic,  it  is  evident  from  what  has  been  faid,  that 
this  angle  is  almoft  continually  changing.  Sup- 
pofe  the  line  of  the  nodes,  by  its  retrograde  motion, 
to  leave  the  conjunction  c,  fig.  69.  and  become  in 
the  fecond  and  fourth  quarters  as  in  the  pofition 
m n,  and  the  Moon  to  move  from  the  node  m to 
the  node  N;  then,  becaufe  the  ejifuing  node  n 
moves  (228,  x)  towards  the  conjunction  c,  while 
the  Moon  is  in  the  nearer  half  of  its  orbit, 
the  Moon’s  courfe  muft  be  continually  more  and 
more  infleCted  towards  the  ecliptic,  till  its  arrival 
at  R.  This  inflection  in  the  firft  90°,  or  m a from 
m,  prevents  its  diverging  fo  much  from  the  eclip- 
tic as  it  would  otherwife  have  done  ; that  is  to 
fay,  it  diminifhes  the  angle  of  the  Moon’s  inclina- 
tion. From  a to  r its  courfe  begins  to  converge 
towards  the  ecliptic,  and  this  convergence  is  in- 
creafed  by  the  inflection  which  in  the  preceding 
90°  prevented  its  divergence : in  the  arc  a r then  the 
inclination  is  increafed.  During  the  Moon’s  motion 
from  r to  n,  the  node  is  moved  towards  the  op- 
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pofition  o,  and  confequently  the  angle  of  its  courfe 
to  n is  rendered  lefs  than  it  would  have  been  if  the 
node  has  not  moved ; or,  in  other  words,  the  in- 
clination is  diminifhed.  And  becaufe  the  arc  m a 
added  to  the  arc  R n is  greater  than  the  arc  a r,  the 
inclination  at  the  fubfequent  node  is  lefs  than  at 
the  precedent  node;  and  the  fame  may  be  ftiewn 
in  the  other  half  revolution  n qjvi.  Therefore,  c 
while  the  nodes  are  moving  from  the  conjunction 
and  oppofition  to  the  quadratures,  the  inclination 
of  the  Moon’s  orbit,  on  the  whole,  dimini  flies  in 
every  revolution  till  they  arrive  in  the  quadratures, 
at  which  time  it  is  lead  of  all.  When  the  line  of  p 
the  nodes  has  paflTed  the  quadratures,  and  is  in  the 
firft  and  third  quarters,  as  in  the  pofition  m n,  it 
is  eafily  fliewn  by  the  fame  kind  of  argument,  that 
the  inclination  is  increafed  while  the  Moon  pafles 
from  m to  o_,  then  diminiflies  for  the  remainder 
of  the  firft  90°  or  qjl,  and  is  afterwards  increafed  for 
the  other  90*  or  a n : and  the  fame  may  be  proved 
for  the  other  half  revolution  nRrn.  Confequent-  2 
ly,  while  the  nodes  are  moving  from  the  quadra- 
tures to  the  conjunction  and  oppofition,  the  inch- 
nation  is  increafed  by  the  fame  degrees  as  it  before 
was  diminiflied,  till  they  arrive  at  the  conjunction 
and  oppofition,  at  which  time  it  returns  to  its  firft 
quantity,  being  then  greateft  of  all. 

The  line  of  the  nodes  in  the  courfe  of  one  en- 
tire  revolution,  with  refpea  to  the  Sun,  is  twice 
in  the  quadratures  and  twice  in  the  conjunftion  and 
oppofition.  Therefore,  the  inclination  ot  the 
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Moon’s  orbit  to  the  ecliptic  is  diminifhed  and  in- 
creafed  by  turns,  twice  in  every  revolution  of  the 
nodes. 

c All  the  irregularities  of  the  Moon’s  motion  arc 
a little  greater  when  in  the  half  of  its  orbit  neareft 
the  Sun,  than  when  it  is.  in  the  other  half  j the 
chief  reafon  of  which  is,  that  the  difference  be- 
tween the  fquares  of  the  Moon’s  and  Earth’s  dis- 
tances from  the  Sun  is  greater,  in  proportion  to 
the  fquares  themfelves,  in  the  former  than  in  the 
latter  cafe  at  equal  elongations  from  the  quadra- 
ture, and  confequently  the  difturbing  fbrces  muff 
be  more  confiderable. 

h Although  the  Moon  in  reality  revolves  about  ■ 
the  common  center  of  gravity  between  her  and 
die  Earth,  and  not  about  the  Earth  itfelf,  and  con- 
fequently  their  motions  and  irregularities  are  fimi- 
lar,  and  not  confined  to  the  Moon  alone ; yet  it 
may  be  eafily  conceived,  that  die  conclufions  are 
not  affedted  in  any  degree  that  may  be  here  re- 
garded, when,  for  the  fake  of  concifenefs,  we  fup- 
pofe  one  of  the  two  bodies  to  be  quiefcent,  and 
the  other  to  revolve  about  it. 
i Irregularities  of  die  fame  kind  take  place  among 
the  primary  planets  by  their  mutual  addons  on  each 
other,  but  the  quantities  are  not  confiderable. 
H ence  the  apfides  of  the  planets  are  found  to  move 
(224,  o)  in  confequentia,  but  fo  very  Howly,  that 
fome  have  doubted  whether  they  move  at  all. 
k The  motions  of  the  aphelia  of  Saturn,  Jupiter,  Mars, 
the  Earth,  Venus,  and  Mercury,  as  deduced  from  the 
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companion  of  diftant  obfervations,  are  refpeCtive- 
ly,  2*  30',  i°  43'  20 , i°  51'  4°  3 10  49  1 o'. 

40  10,  i°  57  *4 o',  in  a century.  The  aCtions  l 
of  the  inferior  planets  on  each  other  are  very  mi- 
nute, on  account  of  the  fmallnefs  of  their  bulks ; 
but  thofe  of  Jupiter  and  Saturn  are  not  altogether 
inlenfible.  When  Jupiter  is  between  the  Sun  and  m 
Saturn,  its  whole  attraction  aCts  upon  Saturn,  and 
increafes  the  gravity  of  that  planet  towards  the 
Sun.  This  is  found,  by  comparing  the  refpeCtive 
mafles  of  Jupiter  and  the  Sun,  and  the  refpeCtive 
fquares  of  their  diftances  from  Saturn,  to  be  equal 
to  of  the  Sun’s  aCtion  upon  Saturn.  Saturn,  n 
on  the  other  hand,  at  the  conjunction,  aCts  upon 
Jupiter  and  the  Sun  in  the  fame  diredion,  and 
therefore  difturbs  their  relative  pofition  only  fo  far 
as  its  aCtions  on  each  are  not  equal.  T he  diffe- 
rence of  thefe  aCtions  is  found  by  the  fame  prin- 
ciples to  be  of  Jupiter's  whole  gravity. 
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CHAP.  IV. 

OF  the  figures  OF  THE  PLANETS;  the  pre- 
cession OF  THE  EQUINOXES,  AND  THE  NUTA- 
TION OF  THE  EARTH’S  AXIS. 

o A Mafs  of  fluid  matter  will,  by  its  gravity, 
xx  form  itfelf  into  a fphere.  For  if  the  whole 
mafs  be  conceived  to  be  divided  into  a number  of 
fimilar  pyramids  or  columns,  terminating  in  the 
center  of  gravity,  and  one  of  thefe  columns  be 
longer  or  higher  than  the  reft,  its  proje£ting  part 
will  fpread  fideways  over  the  other  columns,  till 
the  heights  are  all  equal  to  its  own.  The  fame  is 
true  of  any  other  eminences  or  longer  columns. 
Therefore,  when  all  the  fubfidences  are  effected, 
and  the  mafs  is  at  reft,  its  form  will  be  that  of  a 
folid,  whofe  furface  is  every  where  equidiftant  from 
its  center.  And  this  is  the  property  of  a fphere. 
p This  takes  place  in  a mafs  whofe  parts  pre- 
ferve  the  fame  fituation  with  refpeft  to  its  center ; 
but  if  the  fphere  be  caufed  to  revolve  on  its  own 
axis,  a centrifugal  force  will  be  produced  that  will 
diminifti  the  gravity  of  all  its  parts,  except  thofe 
which  are  fituated  in  the  axis  of  rotation.  This 
diminution  will  be  greateft  in  the  equator,  becaufe 
the  velocity  is  there  greateft,  and  becaufe  the  cen- 
trifugal force  a£h  direftly  againft  the  force  of  gra- 
vity. And  the  nearer  any  parallel  of  latitude  or 
circle  of  rotation  is  to  one  of  the  poles,  the  lefs 
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will  the  gravity  of  the  parts  be  affefted,  both  the 
above  mentioned  caufes  being  lefs.  The  equili- 
brium, before  fubfifting  between  the  columns  in  a 
fpherical  figure,  will  confequently  be  deftroyed, 
and  the  fame  effect  muft  take  place,  as  would  have 
followed  if  the  columns  at  the  polar  regions  had 
been  lengthened  or  augmented  in  mafs  beyond  thole 
near  the  equatorial  parts,  that  is  to  fay,  the  columns 
near  the  poles  will  fpread  over  thofe  towards  the 
equator,  till  the  difference  of  their  lengths  com- 
penlates  for  the  difference  of  their  gravities.  Thus 
die  fphere,  by  its  rotation,  will  be  changed  into 
a folid,  whofe  radii,  drawn  to  the  center,  are  long- 
eft  near  the  equator,  and  fhorteft  towards  the  poles, 
the  axis  being:  the  fhorteft  of  all  its  diameters. 

By  computation  grounded  on  thefe  and  other  k 
confiderations,  it  is  Ihewn,  that  bodies  at  the  equa- 
tor of  the  Earth  lofe  more  than  tts  part  of  their 
gravity,  and  that  the  equatorial  diameter  is  to  the 
axis  as  231  to  230,  upon  the  fuppofition  that  die 
Earth  is  every  where  of  the  fame  uniform  denfity. 
For  what  has  been  faid  of  a fluid  mafs  will  hold 
good  of  the  Earth,  fince  if  it  were  not  of  this  figure, 
but  fpherical,  the  ocean  would  overflow  the  re- 
gions near  the  equator,  and  leave  the  polar  regions 
elevated  many  miles  above  the  level  of  the  fea. 
But  experience  fliews,  that  the  land  is  in  general 
no  more  elevated  above  the  fea  in  one  part  of  the 
globe  than  another. 

This  decreafe  of  gravity  towards  the  equator  t 
is  remarkably  feen  in  the  motion  of  pendulums. 

For 
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For  a pendulum,  which  in  a higher  latitude  vi- 
brates feconds,  is  found  to  go  flower  at  the  equa- 
tor, and  that  in  a much  greater  proportion  than 
can  arife  from  the  lengthening  of  the  rod  by  heat, 
nay,  even  in  the  coldeft  parts  of  the  mountains  of 
Spaniffi  America,  which  are  conftantly  covered 

u with  fnow.  From  the  juft  mentioned  quantity  of 
diminution  of  gravity,  it  is  not  difficult  to  com- 
pute the  length  of  a pendulum  (87,  y)  which  fhall 
vibrate  feconds  in  a given  latitude,  and  from  the 
agreement  of  thefe  computations  widi  experience, 
the  oblate  fpheroidal  figure  of  the  Earth,  as  alfo 
the  diurnal  rotation  from  w'hich  it  originates,  are 
both  confirmed. 

v The  fame  conclufion  has  like  wife  been  obtained 
from  the  labours  of  many  ingenious  and  learned 
men,  who  have  aftually  meafured  the  lengths  of 
certain  portions  of  the  meridian  in  different  lati- 
tudes, by  which  it  appears,  that  die  degrees  are 
fhorter  towards  the  equator  than  nearer  the  poles. 
Whence  it  follows,  that  the  meridian  is  more  cur- 
ved near  the  equator,  and  lcfs  near  the  poles,  or 
in  other  words,  that  the  Earth  is  flattened  about 
the  polar  region's. 

w The  meafure  of  a degree  of  the  meridian,  be- 
ginning at  the  equator,  was  found  to  be  56750 
French  toifes,  and  the  meafure  of  a degree  of  the 
meridian  cutting  the  arcftic  circle,  was  found  to 
be  57422  French  toifes  *. 

* See  De  la  Lande’s  Aftronomie,  § 26 55,  & fcq.  fora 
detail  of  the  principal  enterprizes  on  this  interelting  fubjeft. 
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Thefe  menfurations  conftitute  the  experimental  x 
proof  of  the  Earth’s  rotation  on  its  axis ; for  it 
is  evident,  that  a centrifugal  force  cannot  be  pro- 
duced but  by  an  abfolute  motion : and  as  the  ef- 
fe£ls  of  this  force  are  obferved  in  the  figure  of 
the  Earth,  and  not  at  all  in  the  heavens,  the  mo- 
tion of  the  Earth  muff  be  abfolute  and  real,  and 
that  of  the  heavens  only  relative  and  apparent. 

The  planet  Jupiter  revolves  on  its  axis  in  lels  Y 
than  ten  hours ; a rapidity  which  much  exceeds 
that  of  the  Earth  j and  its  figure  differs  accord- 
ingly much  more  from  that  of  a fphere,  its  equa- 
torial diameter  exceeding  its  polar  diameter,  ac- 
cording  to  the  obfervations  of  aftronomers,  as  13 

to  14  (1*6). 

It  has  alfo  been  already  noticed,  that  a fimilar  z 
phenomenon  is  feen  in  the  planet  Mars  (126). 

If  a number  of  fluid  bodies  revolved  about  the  a 
Earth  at  equal  diftances  from  its  center,  they 
would,  by  the  attion  of  the  Sun,  or  any  other 
planet,  be  fubjett  to  irregularities  of  the  lame 
kind  as  the  Moon  has  been  Ihewn  to  have  in  its 
motion  ; that  is,  they  would  approach  nearer,  and 
move  fwifter  at  the  conjunction  and  oppofition  than 
at  the  quadratures  (221,  1.  222,  l).  And  if  the  b 
number  of  bodies  were  fo  great  as  to  become  conti- 
guous, and  form  a fluid  ring  or  circle,  the  parts 
©f  this  ring  would  be  affe&ed  in  the  fame  manner. 

If  it  were  inclined  to  the  ecliptic,  the  nodes  would 
be  flationary  when  in  the  conjunction  or  oppo  - 
tion  (226,  u)  and  be  carried  in  a retrograde  direc- 
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tion  in  the  other  revolutions  (229,  z),  but  moft 
fwiftly  when  they  were  fituated  in  the  quadratures 
(226,  u ).  Its  inclination  would  likewife  vary  in  every 
revolution  (230,  b),  and  in  a fpace  of  time  fome- 
what  lefs  than  a periodical  year  would  be  diminilhed 
and  increafed,  by  turns,  twice  (230,  a.  231, -f). 

c Suppole  this  fluid  ring  to  be  of  the  fame  dia- 
meter as  the  Earth,  to  be  placed  in  a cavity  hol- 
lowed round  the  Earth  at  the  equator,  and  to  re- 
volve in  the  fame  time  and  direction  as  the  Earth 
does  on  its  axis.  Its  motion  would  not  then  be 
uniform  (237,  b),  but  at  the  conjunction  and  op- 
pofltion  fwifter  than  the  furface  of  the  Earth, 
and  flower  at  the  quadratures ; confequently,  with 
refpeCt  to  the  furface  of  the  Earth,  it  would  ebb 
and  flow  like  a fea.  For,  by  reafon  of  the  increafed 
fwiftnels  at  the  conjunction  and  oppofition,  and 
the  retardation  at  the  quadratures,  the  fluid,  be- 
tween the  conjunction  or  oppofition  and  the  en- 
fuing  quadrature,  would  form  a cumulus  or  heap, 
while  a correfpondent  defeCt  would  happen  in  die 
other  quadrants  preceding  the  conjunction  and  op- 
pofition. 

D If  this  ring  be  now  fuppofed  to  be  frozen  or  con  - 
verted  into  a folid,  the  flux  and  reflux  will  ceafe, 
but  the  preceflion  of  the  nodes  and  the  libratory 
increafe  and  decreaie  oi  the  inclination  will  re- 
main (237,  b).  Suppole  the  ring  to  adhere  to  the 
furface  of  the  Earth  at  the  equator,  inftead  of  be- 
ing admitted  into  a cavity ; it  will  then  commu- 
nicate part  of  its  motion  to  the  Earth,  the  nodes  of 
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whofe  equator  will  recede,  but  with  a much  flower 
motion  than  thofe  of  the  ring  would  have  receded, 
if  it  had  not  adhered  to  the  Earth  ; and  the  obli- 
quity or  angle  which  the  equator  makes  with  the 
ecliptic,  will  be  diminifhed  and  increafed  alternate- 
ly tvyice  in  a year. 

The  elevation  of  the  equatorial  parts  of  the  e 
Earth  have  the  fame  effeCt  as  fuch  a ring  would 
have;  for  the  excefs  of  matter  in  thole  regions 
fupplies  its  place. 

Aftronomers  begin  the  year  in  the  Spring,  when  r 
ihe  Sun  is  in  that  node  of  the  equator,  or  equinoc- 
tial point  at  which  the  days  begin  to  lengthen  in 
the  northern  hemifphere.  Now  it  is  plain  (187 ),  that 
if  the  equinoctial-  points  had  no  motion,  the 
Earth  would  complete  one  revolution  in  its  orbit 
in  the  fame  time  that  the  Sun  employs  in  appa- 
rently pafling  from  one  of  the  equinoxes,  and  re- 
turning again  to  the  fame.  But,  becaule  of  the 
retrograde  motion,  the  line  of  the  nodes  of  the 
equator,  or  diameter  of  the  Earth  which  joins  the 
cquinoClial  points,  is  brought  to  coincide  again 
with  the  line  which  joins  the  centers  of  the  Sun 
and  Earth,  before  its  periodical  revolution  is  com- 
pleted ; and  therefore  the  circle  of  the  feafons  is 
performed  in  lels  time  than  the  Earth’s  revolution 
in  its  orbit.  The  aCtions  both  of  the  Sun  and 
Moon  on  the  redundant  matter  in  the  equatorial 
regions  tend  to  produce  this  motion,  which  is 
fo  flow,  that  a complete  revolution  will  not  be 

finifhed  in  lefs  than  twenty-five  thoufand  years. 

This 
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U This  is  called  the  preceffion  of  the  equinoxes,  and 
is  the  reafon  that  the  fixed  ftars  appear  to  advance 
in  longitude  about  50  feconds  of  meafure  in  a 
year ; whence  it  has  happened,  that  fince  the  time 
of  Ptolemy,  the  zodiacal  figures  have  advanced 
the  greateft  part  of  a whole  fign  : the  conftellation 
Aries  being  fituate  in  that  part  of  the  ecliptic 
which  is  denominated  from  Taurus,  Taurus  in  the 

t place  of  Gemini,  &c.  The  difference  between  the 
natural  year  or  period  of  the  leafons,  and  the  pe- 
riodical year,  or  time  of  the  Earth’s  revolution  in 
its  orbit,  is  a6m  34  * s ; for  the  natural  year  confifh 
of  36 5rt  5h  48'  454",  and  the  periodical  year  of 
36  51  6*  15  10' . 

tc  The  fideral  year,  or  time  employed  by  the  Sun 
in  returning  to  the  fame  apparent  pofition  with  re- 
JpeCt  to  a fixed  ftar,  is 36 5d  6h  9”  1 1 y.  The  difference 
between  the  periodical  and  fideral  year  is  occa- 
fioned  by  the  motion  of  the  apfis  of  the  Earth’s 
orbit  (216,  k). 

l The  libratory  variation  of  the  inclination  of  the 
equator  to  the  ecliptic  is  termed  the  nutation  of 
the  Earth’s  axis.  The  theory  of  attraction  had 
afeertained  its  exiftence,  long  before  aftronomical 
obfervations  were  brought  to  a fufficient  degree  of 
perfe&ion  to  render  it  fenfible.  Its  whole  effeCt 
fcarcely  amounts  to  18  feconds.  It  was  firft  ob- 
ferved  by  Dr.  Bradley  *. 

* Phil.  Tranf.  January,  1748. 
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CHAP.  V. 

OF  THE  TIDES. 

TH  O U G H the  caufe  of  the  tides  may  be  m 
colleded  from  what  was  faid  in  the  laft  chap- 
ter j yet,  as  it  is  the  only  obvious  inftance  we  have 
of  the  mutual  gravitation  of  the  cceleftial  bodies,  it 
will  be  proper  to  give  a more  particular  explana- 
tion of  it. 

If  the  Earth  were  every  where  covered  with  a n 
deep  fea,  it  is  plain,  from  the  reafons  before  re- 
cited (238,  c),  that  the  water  would  not,  in  the 
diurnal  rotation,  move  with  the  fame  uniform  ve- 
locity as  the  Earth.  For,  if  the  apparent  diurnal 
revolution  of  the  Moon  be  called  a lunar  day,  and 
be  divided  into  twenty-four  equal  parts  or  hours, 
the  water  fituated  near  the  meridian  over  which  the 
Moon  at  any  time  is,  will  move  fwifter,  and  the 
water  fituated  near  the  meridian  fix  hours  to  the 
eaftward  or  weftward,  will  move  flower : becaufe 
the  water  on  each  parallel  of  latitude  ma)  be 
conceived  to  be  a fluid  ring,  and  will  be  affeded 
by  the  difturbing  force  nearly  in  proportion  to 
its  diameter.  The  fea,  then,  being  accelerated 
at  the  meridian  upon  which  the  Moon  is,  and 
retarded  at  the  meridian,  that  is  90"  or  6 houis 
to  the  eaftward,  will  be  accumulated  between  the^ 
two  places  j its  greateft  height  being  at  the  hall 
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diftance,  or  meridian  which  the  Moon  has  palled 
three  hours.  And  on  the  other  hand,  the  retarda- 
tion at  the  quadrature  to  the  weft  ward,  preventing 
the  water  from  flowing  as  faft  as  the  acceleration, 
at  the  meridian  at  which  the  Moon  is,  carries  it 
away,  the  fea  muft  of  courfe  be  depreffed  between 
the  two  places,  its  greateft  depreflion  being  at  the 
half  diftance,  or  meridian  at  wdiich  the  Moon  will 
arrive  in  three  hours.  A fimilar  accumulation  and 
diminution  will  happen  at  the  places  which  are 
diametrically  oppofite  to  thofe  here  defcribed, 
o though  not  altogether  fo  great  (232,  g).  The 
difturbing  force  of  the  Sun  will  ad  in  a like  man- 
ner, but  lefs  ftrongly  j for,  though  the  Moon’s  at- 
tradive  force  be  vaftly  lefs  than  that  of  the  Sun, 
yet,  becaufe  its  diftance  in  comparifon  to  that  of 
the  Sun  from  the  Earth  is  very  fmall,  the  forces 
with  which  it  ads  on  different  parts  of  the  Earth 
will  vary  more  confiderably  from  parallelifm  and 
equality ; and  the  irregularities  in  any  fyftem, 
which  arife  from  the  adions  of  forces  from  with- 
out, arc  occafioned  (79,  w),  not  by  the  whole  ac- 
tions of  the  forces,  but  only  by  their  differences  in 
quantity,  or  want  of  parallelifm  in  diredion. 
p Thus,  it  is  evident,  that  die  fea,  as  far  as  cir- 
cumftances  allow,  muft  in  every  place  be  railed 
to  its  greateft  and  leaft  height,  alternately  twice  in 
each  lunar  day.  Being  elevated  once  at  three  lunar 
hours  after  the  Moon  has  paffed  the  meridian  of 
the  place,  and  once  at  twelve  hours  after,  or  three 
hours  after  the  Moon  has  paffed  the  oppofite  part 
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of  the  fame  meridian ; and  at  fix  hours  after  each 
of  thefe  elevations  its  greateft  depreflions  follow. 

This  appears  by  the  tides  in  the  Atlantic  ocean  on  o 
the  weftern  coafts  of  Europe  and  Africa,  and  in  the 
Pacific  ocean  on  the  open  coafts  of  Afia  and  Ame- 
rica, where  high-water  always  happens  about  the 
third  hour  after  the  iVfoon  has  palled  the  meridian, 
except  where  the  motion  of  the  lea  is  fomewhat 

impeded  by  flats  or  fhoals. 

The  effects  of  the  difturbing  forces  of  the  Sun  it 

and  Moon  are  not  feen  diftindlly,  but  compound- 
ing with  each  other  produce  a motion  which  is  dif- 
ferent from  what  would  have  arifen  fiom  the  Angle 
action  of  either  luminary.  At  the  time  of  the  conjunc-  s 
tion  or  oppofition  their  effects  are  united,  and  the 
tides  are  greateft,  being  what  are  called  Spring- 
tides.  When  the  Moon  is  in  the  quadrature,  the  t 
Sun’s  aftion  raifes  the  water  where  the  aftion  of 
the  Moon  depreflfes  it,  and  deprefles  it  where  the 
a6tion  of  the  Moon  raifes  it : from  the  difference 
of  their  aftions  therefore  arifes  the  leaft,  or,  as  they 
are  called.  Neap-tides.  And,  becaufe  the  adtion  tr 
of  the  Moon  exceeds  that  of  the  Sun,  high-water 
follows  neareft  the  third  lunar  hour.  At  other  times  v 
high-water  arifing  from  the  lunar  force  would  hap- 
pen on  the  third  lunar  hour,  and  that  which  ariies 
from  the  Sun’s  force  on  the  third  folar  hour  j but 
the  forces  being  compounded,  produce  a tide  which 
happens  at  fome  intermediate  time,  though  always, 
on  account  of  the  greater  force,  neareft  to  the  thu  d 

lunar  hour.  Confequently,  when  the  third  folar  w 
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hour  precedes  the  third  lunar  hour,  as  is  the  cafe 
while  the  Moon  is  in  the  firft  and  third  quarters, 
high-water  happens  looner  than  the  third  lunar 
hour,  and  the  contrary  happens  when  the  third 
lunar  hour  precedes  the  third  folar  hour,  as  in  the 
x fecond  and  fourth  quarters.  It  is  to  be  noted,  that 
no  diftindion  is  here  made  between  the  hour  of  the 

t 

Sun  or  Moon’s  pafling  the  meridian  above  the 
horizon,  or  beneath  it ; the  effed  being  nearly  the 
fame  with  refped  to  the  tides, 
v The  effeds  of  the  difturbing  forces  of  the  Sun 
and  Moon  depend  likewife  upon  their  relpedive 
diftances  from  the  Earth.  For  ihefe  effeds  are 
z greater  at  Ids  diftances.  And  therefore  in  winter, 
when  the  Earth  is  in  its  perihelium,  the  Sun  being 
nearer,  caufes  the  fpring- tides  to  be  fomewhat 
greater  and  the  neap-tides  iomewhat  lefs,  than  in 
a the  fummer;  and  the  Moon  being  each  month  inv 
its  perigeum,  does  then,  in  like  circumftances, 
b caufe  greater  tides  than  at  other  times ; whence 
it  happens,  that  if  a great  fpring-tide  happens 
when  the  Moon  is  in  its  perigeum,  the  next  fpring- 
tide  will  be  lefs,  becaufe  the  Moon  will  be  then 
in  its  apogeum,  or  greateft  diftance. 
c . The  tides  vary  iikewife  in  confequence  of  the 
d varying  declinations  of  the  Sun  and  Moon.  For 
if  either  of  thefe  luminaries  were  fuppofed  to  be 
at  the  pole,  it  would  neither  accelerate  nor  retard 
the  diurnal  rotation  of  the  water,  but  would  oc- 
cafion  a conftant  elevation  at  the  poles,  by  di- 
minifhing  the  effed  of  gravity  there,  and  a con- 
ftant 
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ftant  depreffion  at  the  equator,  from  an  oppofite 
caufe  (219,  C.  120,  e).  Therefore,  no  alternate 
rife  and  fall  of  the  water,  or  tide,  would  be  produced. 
Confequently,  as  the  Sun  and  Moon  decline  to-  * 
wards  the  pole,  they  gradually  lofe  their  efteds, 
and  the  tides  become  lefs  confiderable.  When  the  f 
Sun  is  in  the  equator,  and  the  Moon  at  the  tropic, 
or  ks  greateft  declination,  the  tides  are  lefs  than 
when  the  Moon  is  at  the  equator,  and  the  Sun  m 
the  tropic : becaufe  in  the  firft  cafe  the  Sun's  in- 
fluence is  the  greateft  poffible,  and  the  Moon’s 
leaft;  and  in  the  latter  the  Moon’s  influence  is  the 
nreateft  poflible,  and  the  Sun’s  lead:  : and  as  the 
tides  depend  more  upon  the  Moon’s  influence  than 
that  of  the  Sun,  they  are  greateft  when  its  action 
is  greateft.  When  the  Sun  and  Moon  are  both  o 
in  the  equator,  the  fpring-tides  are  the  greateft  of 
any.  However,  becaufe  the  Earth  is  nearer  the  H 
Sun  in  winter  than  in  dimmer,  the  greateft  au- 
tumnal fpcing -tides  are  generally  later  than  the 
equinox ; and  the  greateft  vernal  fpring-tides  aic 
generally  before  the  equinox. 

° When  the  Moon  declines  either  to  the  north-  1 
ward  or  fouthward  of  the  equator,  one  of  the  great- 
eft  elevations  of  the  water  follows  the  Moon,  and 
defcribes  nearly  the  fame  parallel  of  latitude  as 
the  Moon,  by  the  diurnal  motion,  apparent  y . e“ 
fcribes  j and  the  other  greateft  elevation  being 
diametrically  oppofite,  muft,  of  courfe,  defcnbea 

narallel  of  latitude  at  an  equal  dtftance  on  the 

‘other  fide  of  the  equator.  The  greateft  elevation 
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which  moves  on  the  fame  fide  of  the  equator  with 
a given  place,  will  come  nearer  to  it  than  the  op- 
k pofite  elevation ; and  therefore  when  the  Moon 
declines  towards  the  fame  fide  of  the  equator,  as 
that  on  which  the  given  place  is  fituated,  the  day- 
tides,  or  tides  which  happen  while  the  Moon  is 
above  the  horizon,  will  be  greateft,  and  the  night- 
tides,  or  thofe  which  happen  while  the  Moon  is 
beneath  the  horizon,  will  be  lead.  And  the  con- 
trary happens  when  the  Moon  declines  to  the  other 
l fide  of  the  equator.  Thus,  the  elevation  at  high- 
water  is  alternately  greater  and  lefs ; and  the  diffe- 
rence is  greateft  when  the  Sun  and  Moon  both 
deferibe  the  fame  tropic,  becaufe  the  oppofite  ele- 
vations then  deferibe  the  tropics,  which  are  the 
fartheft  from  each  other  of  any  two  parallel  circles 
they  can  poffibly  deferibe.  This  difference  is 
found  to  be  about  a foot  at  Plymouth,  and  fifteen 
inches  at  Briftol. 

M If  the  addons  of  the  Sun  and  Moon  were  to 
ceafe  at  once,  the  tides  tvould  not  immediately  ceafe, 
but  would  continue  for  fome  time  bv  the  undu- 
lating  motion  of  die  water.  This  undulation  would 
be  greater,  if  the  actions  were  to  ceafe  at  the  time 
N of  a great  tide  than  at  the  time  of  a lefs ; and  there- 
fore lefs  tides,  which  fucceed  greater,  are  more  in- 
Crcafed  by  it  than  greater  tides  which  fucceed  lefs : 
Confequendy  the  difference  between  the  tides  is  ren- 
dered lefs  than  it  would  otherwife  have  been,  and 
the  greateft  fpring  and  neap-tides  do  not  happen 
precifely  at  the  conjunction  or  oppofition,  and  qua- 
dratures, but  two  or  three  tides  later. 
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If  the  greateft  acceleration  and  retardation  of  the  9 
diurnal  motion  (241,  n)  cannot  fubfift  in  the  fame 
fea  at  the  fame  time,  the  accumulation  or  defect 
muft  confequently  be  lefs*  that  is  to  fay,  if  one  ct 
the  fhores  or  coafts  of  any  fea  be  lefs  than  ninety 
degrees  to  the  eaftward  or  weftward  of  the  other, 
and  the  eaftern  coaft,  for  inftance,  be  immediately  , 
under  the  Moon,  the  acceleration  will,  by  caufing 
the  water  to  rife,  occafion  a defeat  or  fall  to  the 
weftward,  becaufe  the  weftern  parts,  being  retarded, 
do  not  follow  with  a velocity  fufficient  to  fupply 
what  is  carried  to  the  eaftward  by  the  acceleration, 
and  the  greater  this  retardation  the  greater  the  deleft 
or  fall.  But  fince  by  the  fuppofition  the  weftern  fhorc 
is  not  90  degrees  diftant,  the  retardation  is  not  there 
fo  great  as  it  would  have  been  had  the  fea  been  wider  * 
and  therefore  the  fall  in  that  fea  is  not  fo  great. 

By  a like  argument  it  appears,  that  when  the  Moon 
is  at  the  meridian  of  the  weftern  coaft  the  elevation 
is  lefs,  if  the  fea  be  lefs  than  ninety  degrees  from  eaft 
to  weft.  Hence  in  fmall  inland  feas  the  tides  are  p 
inconfiderable ; and  for  this  caufe,  in  the  Atlantic 
ocean  the  tides  do  not  rife  fo  high  between  the  tro- 
pics as  they  do  farther  to  the  north  or  fouth,  the  fea 
being  narrower  between  America  and  Africa  in  the 
lower  than  in  the  higher  latitudes.  From  hence  Q, 
alfo  follows  the  reafon  why  the  tides  are  fo  lmall  as 
they  are  found  to  be  at  the  iftands  of  St.  Helena  and 
Afcenfion,  which  lie  in  the  middle  of  that  fea ; for, 
fince  the  water  cannot  rife  on  the  one  Ihore  but  by 
falling  at  the  other,  it  muft  continue  at  a. mean 

height  at  thefe  intermediate  diftant  iftands.  • ■ 
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r This  theory  of  the  tides  is  perfedly  confentane-* 
ous  to  experience  in  the  open  and  deep  oceans; 
and  in  the  lefier  leas,  as  has  been  obferved,  the  tides 
are  very  fmall.  But,  when  thofe  lefs  Teas  have 
a free  communication  with  the  ocean,  the  tide  flows 
into  them  in  a kind  of  wave,  which  on  its  arrival  at 
? any  place  caufes  high-water.  Thus  it  is  high- 
water  in  the  ocean  to  the  weftward  of  England  and 
Ireland  at  the  third  lunar  hour;  after  which  it  be- 
gins to  fubfide.  This  fubfidence  muft,  of  courfe, 
raife  the  water  round  about,  whence  a flood  begins 
to  enter  the  Engliih  channel  at  about  the  lixth  hour, 
its  courfe  being  retarded  by  the  fhallownefs  of  the 
water.  Another  flood  enters  the  German  fea  to  the 
northward,  near  the  Orkney  iflands,  and  proceeds 
to  the  fouthward.  As  thefe  floods  proceed  on  their 
refpedtive  courfes,  it  is  high-wrater  fuccefiively  at 
every  place  on  the  coafts  at  which  they  arrive,  and 
when  the  wave  has  pafled  any  place  the  water  be- 
T gins  there  to  fubfide.  Eor  example ; it  is  high- 
' water  at  Plymouth  about  the  fixth  hour,  at  the  Ifle 
of  Wight  about  the  ninth  hour,  and  at  London- 
bridge  about  the  fifteenth  hour  after  the  Moon  has 
pafled  the  meridian,  and  caufed  the  tide  in  queftion. 
Therefore,  when  it  is  high-water  at  Plymouth  the 
water  out  at  fea  has  half  lubfided ; when  it  is 
high-w'ater  at  the  Ifle  of  Wight  it  is  low-water  out 
at  fea  ; and  when  it  is  high-water  at  London-bridge 
it  is  low-water  at  the  Ifle  of  Wight,  and  a fecond 
flood  or  elevation  has  already  come  to  its  height  out 
at  fea. 
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There  are  fituations  where  the  tide  may  be  car-  u 
ried  tp  the  fame  port  by  different  paffages  or  chan- 
nels, and  may  pafs  quicker  through  one  paffage 
than  another*,  in  which  cale,  the  lame  tide,  arnv- 
ing  at  different  times  through  the  different  paffages, 
muft  occafion  a variety  of  phenomena.  Suppofe  v 
two  equal  tides  to  arrive  at  the  fame  port  from  dif- 
ferent places  j the  one  at  the  third,  and  the  otliei  at 
the  ninth  hour  after  the  Moon  has  palled  the  meri- 
dian ; the  firft  tide  therefore  preceding  the  latter  by 
fix  hours  j and  fuppofe  the  Moon  to  be  at  the  equa- 
tor : then,  every  flx  hours  a tide  will  arrive,  which, 
flowing  in  at  the  fame  time  as  the  preceding  equal 
tide  ebbs  out,  will  caule  the  water  to  continue  at 
the  fame  height,  and  thus  it  will  neither  rife  nor  fall 
during  the  whole  day.  But,  if  the  Moon  decline 
from  the  equator,  the  tides  in  the  ocean  will  be 
alternately  greater  and  lefs,  as  has  been  obferved  ; 
and  therefore  there  will  arrive  at  tnis  port,  alter- 
nately, two  greater  floods  proceeding  from  the 
greater  tide  in  the  ocean,  and  two  lefs  floods  pro- 
ceeding from  the  leffer  tide  in  the  ocean.  At  the 
mean  or  intermediate  time  between  the  arrivals  of 
the  two  greater  tides,  the  water  will  then  be  higheft  j 
between  a greater  and  a lefs  tide  it  will  be  at  a 
mean  height ; and  loweft  of  all  at  the  middle  time 
between  the  arrivals  of  the  two  leis  tides.  By  thefe 
means,  in  the  fpace  of  twenty-four  hours,  the  fea 
will  rife  to  its  greateft,  and  fall  to  its  leaft  height 
but  once,  inftead  of  twice,  as  in  general  it  does  in 
other  places  and  if  the  Moon  decline  towards  the 

fame 
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fame  fide  of  the  equator,  as  that  on  which  the  port 
is  fituated,  the  two  greater  tides  will  arrive  at  the 
third  and  ninth  hours,  and  the  greateft  elevation 
will  be  at  the  fixth  hour,  or  at  about  the  letting 
of  the  Moon:  the  leaft  elevation  will  confe- 
quently  happen  between  the  two  leaft  tides,  at  the 
eighteenth  hour,  or  about  the  rifing  of  the  Moon. 
And  the  fame  effeds  will  take  place  when  the 
Moon  declines  to  the  contrary  fide  of  the  equator; 
but  with  this  difference,  that  whereas  high  and  low 
water  happened  then  refpe&ively  at  the  letting  and 
rifing  of  the  Moon,  they  will  in  the  prefent  cafe 
happen  refpedively  at  the  rifing  and  letting  of  the 
Moon. 

W A remarkable  inftance  of  all  thefe  particulars  is 
adduced  by  Dr.  Halley,  in  the  port  of  Batlha,  in 
the  kingdom  of  Tonquin,  which  lies  in  20°  50' 
north  latitude.  There,  on  the  day  on  which  the 
Moon  paftes  the  equator,  the  water  ftagnates  ; after- 
wards, on  the  Moon’s  declining  to  the  northward, 
it  begins  to  ebb  and  flow ; not  twice  in  the  day,  as 
in  other  ports,  but  once  only;  and  high-water 
happens  at  the  fetting,  and  low-water  at  the  rifing 
of  the  Moon.  The  tides  increafe  with  the  Moon’s 
declination  for  feven  or  eight  days  ; after  which,  for 
the  next  feven  days,  they  decreafe  by  the  fame  gra- 
dation as  they  before  increafed,  till  the  Moon’s 
arrival  again  at  the  equator,  when  they  ceafe,  and 
upon  its  changing  its  declination  are  reverfed.  For 
while  its  declination  becomes  foutherly,  low- water 
happens  at  the  fetting,  and  high-water  at  the  rifing 
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of  the  Moon;  which  continues  till  its  declination, 
again  changes.  Now  it  appears,  that  the  tide  muft 
come  to  this  port  by  two  inlets  or  paflages ; one  be- 
tween the  continent  of  China  and  the  ifland  Luco- 
nia,  communicating  with  the  Chinefe  ocean,  and  the 
other  between  the  illand  of  Borneo  and  the  conti- 
nent. But  whether  the  tide  arriving  from  the  Indian 
ocean,  after  a courfe  of  twelve  hours,  and  from  the 
Chinefe  ocean  after  a courfe  of  fix,  and  thence  hap- 
pening on  the  third  and  ninth  lunar  hours,  be  the 
caufe  of  thefe  appearances  ; or  whether  fome  other 
circumftances  may  not  be  concerned  in  producing 
the  effect,  muft  be  determined  by  obfervations  on 
the  neighbourin'!  coafts. 
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II. 


SECT.  I. 
Of  Light. 


CHAP.  I. 

CONCERNING  THE  MOTION  OF  LIGHT. 

IN  the  former  part  of  this  Treatife  our  attention  x 
has  been  employed  in  confidering  fuch  effedts  as 
arife  from  the  motions  and  mutual  adtions  of  bodies, 
of  magnitude  fufficient  to  become  the  objedts  of 
our  fenfes.  It  may  be  eafily  feen,  that  phenomena 
of  this  kind  are  but  few  compared  with  the  very 
crreat  number  of  operations  which  arife  from  the 
adtions  of  bodies  too  minute  to  be  determined  but 
by  dedudtions  or  inferences  made  from  their  effedts. 
We  have  contemplated  the  great  outline  of  the  uni- 
verfe,  and  its  vaftnefs  cannot  but  excite  the  aftonifh- 
ment  of  creatures  who  are  deftined  at  prefent  to 
occupy  an  exceedingly  fmall  part  of  it.  As  we  pro- 
ceed to  examine  that  fmall  part,  we  fhall  develope  a 
fcene  of  another  kind,  which,  though  expanded 
through  a lefs  portion  of  fpace,  is  equally  immenfe 
and  unlimited  with  regard  to  the  field  it  affords  for 

admiration  and  perpetual  difcovery. 

The  fuccefs  of  every  enquiry  depends  in  no  fma  y 

degree  on  the  order  employed  in  the  feveral  re- 
. x fearches 
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fearches  to  be  made.  It  is  obvious,  that  the  pro- 
bability of  error  is  greater  the  more  complicated  the 
fubjeCt ; whence  the  neccflity  of  nrft  examining  the 
moll  fimple,  and  thence  proceeding  to  more  com- 
pounded objects,  is  evident.  This  principle  leads 
us,  in  our  confideration  of  the  particular  properties 
of  various  bodies,  to  attend  firlt  to  thofe  of  light. 

z It  is  generally  agreed,  that  light  confifts  of  fmall 
bodies  or  particles,  projected  with  great  velocity  in 
all  directions,  from  the  luminous  or  radiant  body. 
No  folid  objections  have  been  made  to  this  hypo- 
thefis,  which  appears  to  be  more  fimple  than  any 
other,  and  is  perfectly  confiftent  with  all  the  phe- 
nomena yet  obferved  ; and  thele  are  fo  many  and 
fo  various  as  to  leave  very  little  doubt  of  its  truth. 

a The  velocity  of  light  was  firlt  determined  by 
Monf.  Romer,  from  obfervations  on  Jupiter’s 
Moons  (140,  w)  and  the  meafure  deduced  from 
his  obfervations  was  afterwards  confirmed  and  efta- 
bl iflied  by  the  difcovery  of  the  aberration  of  the 
fixed  liars.  The  principles  on  which  this  difco- 
very is  founded  may  be  familiarly  explained  as  fol- 
lows *. 

a Suppole  a tube  to  be  ereCted  perpendicular  to 
the  horizon,  at  a time  when  it  rains,  the  drops 
falling  perpendicularly  down,  and  fuppofe  the 
diameter  of  the  tube  to  be  fuch  as  to  admit  but 
one  drop  at  a time : then  it  is  plain,  that  if  a 

* The  original  account  of  this  difcovery  may  be  feen  in  a 
paper  by  its  inventor  Dr.  Bradley,  inferted  in  the  Philofo- 
phical  Tran  factions  for  the  year  172?,  No.  406. 
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drop  of  water  enter  the  orifice  of  the  tube  it  will 
fall  to  the  bottom  without  touching  its  Tides.  But 
if  the  tube,  without  altering  its  perpendicularity, 
be  moved  along  in  the  dire&ion  of  the  horizon, 
any  drop  that  enters  will  ftrike  againft  one  of  its 
fides,  and  none  will  pafs  clear  through  while  the  ftio- 
tion  continues,  unlefs  the  upper  end  of  the  tube  be 
alfo  inclined  towards  the  part  to  which  its  motion 

is  dire&ed. 

Thus,  if  ab  (fig.  70)  reprefent  the  horizon,  cd  c 
the  perpendicular  tube,  and  g d the  courfe  of  a drop 
of  rain : then,  if  cd  be  moved  towards  a,  while 
the  drop  is  falling  within  the  tube,  it  is  evident  that 
the  inner  furface  of  the  tube,  which  is  fituated  to- 
wards b,  will  be  carried  againft  the  drop,  and  pre- 
vent its  arriving  at  the  bottom  without  touching. 
But  if  the  inclined  tube  e c be  moved  with  a fimi- 
lar  motion  to  that  of  the  drop  from  e to  d,  in  the 
time  that  the  drop  moves  from  c to  d,  the  lower 
orifice  of  the  tube  and  the  drop  will  be  found  at  d 
at  the  fame  inftant;  and  the  velocity  of  the  drop 
will  be  exprefied  by  e d,  and  that  of  the  tube  by 

ED. 

The  fame  reafoning  holds  good,  if  inftead  of  d 
drops  of  rain  we  fuppofe  particles  of  light,  and  a 
telefcope  inftead  of  a tube.  For  to  an  obferver, 
who  through  the  tube  c d views  the  vaftly  diftant 
obje£t  g,  if  the  motion  of  light  be  inftantaneous, 
or  infinitely  fwift,  no  finite  motion  of  c d,  its  pofi- 
tion  being  unaltered,  can  prevent  its  being  vifible* 
fince,  by  the  ftippofition,  the  light  which  enters  at 

c will 
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c will  arrive  at  d before  c d can  have  moved  at  all. 
But  if  light  be  propagated  in  time,  and  the  obferver 
be  carried  by  a motion  fimilar,  as  to  acceleration, 
to  that  of  light,  the  tube  muft  be  inclined  to  the 
ray  in  an  angle,  whofe  fine  is  to  the  fine  of  ced, 
or  the  angle  the  tube  makes  with  the  line  of  the 
obierver’s  motion,  as  the  velocity  of  the  obferver 
is  to  the  velocity  of  light.  For  in  the  triangle  dce, 
the  fides  d e and  d c,  which  exprefs  thefe  veloci- 
ties, are  as  the  fines  of  their  oppofite  angles.  Hence 
if  the  angle  of  the  inclination  of  the  tube  to  tbe  ray 
of  light,  together  with  tjie  velocity  and  direction  of 
the  obferver’s  motion  be  known,  die  velocity  of 
light  may  be  determined. 

e By  this  theory,  which  is  eftablilhed  by  a great 
number  of  obfervations  on  ftars  of  different  mag- 
nitudes and  fituations,  it  appears,  that  the  fmall 
apparent  motion  the  fixed  ftars  have  about  their 
real  places,  which  is  called  their  Aberration, 
arifes  from  the  proportion  which  the  velocity  of 
the  Earth’s  motion  in  her  orbit  bears  to  that  of 

f light.  This  proportion  is  found  to  be  as  102 10 
to  i : from  whence  it  follows,  that  light  moves  or 
is  propagated  as  far  as  from  the  Sun  to  the  Earth 
g in  8 1 2".  And  it  likewife  appears,  that  the  velo- 
city of  light  is.  uniform,  and  the  fame,  whether 
original,  as  from  the  ftars,  or  reflected,  as  from  the 
fatellites  of  Jupiter  (140,  w.) 

H The  velocity  of  light  being  known,  an  efti- 
mate  might  be  made  of  the  magnitude  of  its  par- 
ticles, if  we  were  in  pofTcffion  of  good  obferva- 
tions 
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tlons  of  the  effects  of  their  momentum.  For  i 
example,  it  is  found,  that  a ball  from  a cannon 
at  its  firft  difcharge  flies  with  a velocity  of  about  a 
mile  in  * eight  feconds,  and  would  therefore  arrive 
at  the  Sun  in  thirty-two  years,  fuppofing  it  to  move 
with  unremitted  velocity.  And  light,  as  wras  before 
cbferved,  moves  through  that  fpace  in  about  eight' 
minutes,  which  is  two  million  times  as  faft.  But 
the  force  with  which  bodies  move  are  as  their  mafles 
multiplied  by  their  velocities  (i9>  0 ; anc^  conic-  K. 
quently  if  the  particles  of  light  were  equal  in  mafs  to 
the  two  millionth  part  of  a grain  of  fand,  we  fbould 
be  no  more  able  to  endure  their  impulfe  than  that 
of  fand  ihot  point  blank  from  the  mouth  of  a can- 
non. 

From  feveral  experiments  f that  well  deferve  l 
to  be  repeated,  in  which  the  Sun’s  rays  were 
thrown,  much  condenfed,  upon  a very  light  lever, 
fufpended  fo  as  to  be  removeable  horizontally,  it 
appears  that  the  momentum  of  light  is  great  enough 
to  be  rendered  fenfible  by  the  velocity  it  communi- 
cates to  bodies  by  its  impulfe. 

The  rarity  of  light  is  not  lefs  a matter  ofwondei  M 
at  the  firft  confideration,  than  its  velocity  and  the 
minutenefs  of  its  particles.  For  its  rays  crofs  each 
other  in  all  directions  without  the  leaft  apparent 
dilturbance.  We  can  eafily  fee  through  a imall 

* This  varies  according  to  the  charge  of  powder  and  other 
Circumftances. 

f By  Mr.  Michell,  See  Prieilley’s  Optics,  p.  387. 
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hole,  not  exceeding  the  tW  part  of  an  inch,  the 
obje&s,  as  the  fky,  trees,  honfes,  &c.  which  occupy 
almoft  an  entire  hemifpherc.  The  light  proceed- 
ing from  all  thefe  objedls  mult  therefore  pals  at  the 
fame  time  through  the  hole  in  a very  great  variety 
of  directions  before  they  arrive  at  the  eye  * yet  it 
does  not  appear  that  vifion  is  in  the  leaft  difturbed 
by  that  means  * 

This  is,  however,  explained  without  difficulty 
from  a well-known  circumftance  relative  to  the 
organs  ofvifion.  For  the  action  of  light  produces 
an  effect  on  the  eye  that  is  not  inftantaneous  but 
lafts  a confiderable  time.  Suppofe  the  effect  of 
light  on  the  eye  to  continue  without  fenfible  dimi- 
nution, after  the  light  has  ceafed  to  act,  for  the  -3 Im- 
part of  a fecond,  and  it  will  follow  that  a fuc- 
ceffion  of  particles  of  light  arriving  at  the  eye,  by 
equal  intervals,  to  the  number  of  three  hundred  in 
a fecond,.  will  be  fufficient  to  excite  a conftant 
and  uniform  fenfation  of  the  prefence  of  light. 
And  fince  tire  velocity  of  light  is  liich  that  it  paffes 
through  about  one  hundred  and  feventy  thoufand 
geographical  miles  in  a fecond  (140,  w)  ; this 
fpace  divided  by  300,  will  give  nearly  570  miles 
for  the  diftance  between  each  of  the  above-men- 
tioned fucceffive  particles.  It  is  not  therefore  to 
be  wondered,  that  the  particles  of  light  do  not 
interrupt  each  othei^  when  we  attend  to  their  ex- 
treme minutenefs  (257,  k),  and  the  very  great 
diftance  at  which  they  may  follow  each  other  with- 
out preventing  die  conftancy  of  their  efteeff. 


That: 
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' That  the  efifeft  of  light  on  the  eye  remains  for  a 
time  is  evinced  from  feveral  obfervations.  We 
are  continually  fhutting  our  eyes,  or  winking,  and 
fhould  on  thofe  occafions  lofe  fight  of  all  the  fur- 
rounding  objects,  if  the  effect  of  their  light  did 
not  continue  during  the  time  the  eye  is  fhut. 
Again,  if  a Hick,  or  any  other  object,  be  whirled 
round  in  a circle,  there  is  a certain  velocity  beyond 
which  the  object  will  fill  the  whole  circle.  This 
experiment  is  vulgarly  made  with  a lighted  fire- 
brand, and  obvioufly  fliews  that  the  impreffion, 
made  on  the  eye  by  the  light  of  the  fircbiand, 
when  in  any  given  point  of  the  circle,  is  fuffici- 
ently  lafting  to  remain  till  the  firebrand  has  de- 
fcribed  the  whole  circle,  and  again  renews  its  effeft, 
which  is  by  that  means  rendered  continual  and 
uniform.  Every  one  muff  have  been  fenfible  or 
the  ftrong  and  lafting  impreffion  the  Sun’s  di- 
rect light  makes  upon  the  eye  ■,  and  impreffions  of 
the  fame  kind  from  other  objefts,  though  weaker, 
are  much  lefs  fo  than  is  generally  imagined. 

With  refpeft  to  the  duration  of  the  impreffions 
of  light,  it  has  been  obferved,  that  the  teeth  of  a 
cog-wheel  in  a clock*  were  ftill  vifible  in  fuc- 
celfion  when  the  velocity  of  rotation  brought  246 
teeth  through  a given  fixed  point  in  a fecond.  In 
this  cafe  it  is  clear,  that  if  the  impreffion  made  on 
the  eye  by  the  light  reflected  from  any  tooth,  nad 
lafted  without  fenfible  diminution  for  the  246th 
part  of  a fecond,  the  teeth  would  have  formed  on~ 
* Watfon  on  Time, 
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unbroken  line,  becaufe  a new  tooth  would  have 
continually  arrived  in  the  place  of  the  anterior  one 
before  its  image  could  have  difappeared.  If  a live 
coal  be  whirled  round,  it  is  obfervedf,  that  the 
luminous  circle  is  complete  when  the  rotation  is 
performed  in  #0-  of  a fecond.  In,  this  inftance  we 
fee  that  the  impreflion  was  much  more  durable 
than  the  former.  Laftly,  if  an  obferver  fitting  in 
a room  diredt  his  fight  through  a window,  to  any 
particular  objedt  out  of  doors,  for  about  half  a 
minute,  and  then  fhut  his  eyes,  and  cover  them 
with  his  hands,  he  will  ftill  continue  to  fee  the 
window,  together  with  the  outline  cf  the  terreftrial 
objedls  bordering  on  the  Iky.  This  appearance 
will  remain  for  near  a minute,  though  occafionally 
vanilhing  and  changing  color,  in  a manner  that 
brevity  forbids  our  minutely  defcribing.  From 
thefe  fadts  we  are  authorized  to  conclude,  that  all 
imprefiions  of  light  on  the  eye  laft  a confider- 
able  time;  that  the  brighteft  objedts  make  the 
moft  lading  imprefiions;  and  that,  if  the  objedt 
be  very  bright,  or  the  eye  weak,  the  impreflion 
may  remain  for  a time  fo  ftrong,  as  to  mix  with 
and  confufe  the  fubfequent  imprefiions  made  by 
other  objedts.  In  the  laft  cafe  the  eye  is  faid  to 
be  dazzled  by  the  light. 

0^  The  fpace  through  which  light  pafifes  is  called 
a medium ; by  which  term  reference  is  had  to  the 
quantity  or  denfity  of  the  matter  contained  in  the 

‘ f By  M.  D’Arcy.  See  Mem.  de  l’Acad.  dcs  Sciences, 
1765  ; or  PridUey’s  Optics,  p.  634. 

ipace ; 
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Ipace : thus,  glafs  and  air  are  mediums,  but  a va- 
cuum, or  fpace  abfolutely  void,  is  a medium  alio. 

When  light  pafles  through  mediums,  either  ab-  r 
folutely  void,  or  containing  matter  of  an  uniform 
denfity,  and  of  the  fame  kind,  it  always  is  found 
to  proceed  in  ftraight  lines.  Whence  it  follows, 
that  the  rarity  of  light  increales  as  the  fquare  of 
the  diftance  from  the  radiant  body.  For  the  light 
which  falls  on  the  fquare  abcd,  (fig.  71.)  from 
the  point  r,  at  the  diftance  r a,  will  be  fpread  over 
a furface,  abed,  four  times  as  large  at  twice  th$ 
diftance,  or  Ra. 


CHAP.  II. 
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WHEN  a ray  of  light  pafles  out  of  one  s 
medium  into  another,  and  is  bent  out  of 
its  courfe  at  their  common  furface,  this  bending  is 


called  refraftion. 

When  a ray  of  light  proceeds  to  the  common  t 
furface  of  two  mediums,  and  inftead  of  paffing 
from  the  one  into  the  other,  is  turned  back  into 
the  firft,  this  turning  back  is  called  reflexion. 

The  angle  of  incidence  is  the  acute  angle  which  u 
the  line  deferibed  by  the  ray  of  light  makes  with 
a line  drawn  perpendicular  to  the  furface  at  the 
point  of  incidence. 

The  angle  of  reflexion  or  refraction  is  the  acute  V 
angle,  which  the  line  deferibed  by  the  ray  of  light 

S 3 . after 
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after  reflection  or  refraCtion  makes  with  the  per- 
pendicular to  the  furface  at  the  point  of  incidence. 

w Thus,  if  r s reprefent  the  common  furface  of 
two  mediums,  ac  (fig.  72.)  a ray  of  light  inci- 
dent at  c,  and  PQ_a  line  interfeCting  the  furface 
at  right  angles  at  c ; then  the  angle  a c p is  the 
angle  of  incidence.  If  it  be  reflected  at  c,  fo  as 
to  return  in  the  line  cb,  then  the  angle  pcb  is 
the  angle  of  reflection  : and  if  it  be  refraCted  at  c, 
fo  as  to  proceed  in  the  line  c f,  the  angle  os  F is 
the  angle  of  refraCtion. 

x The  angles  of  incidence,  reflection,  and  refrac- 
tion lie  in  one  and  the  fame  plane. 

y The  angle  of  reflection  is  equal  to  the  angle  of 

incidence. 

z If  the  refraCted  ray  be  returned  direCtly  back 
to  the  point  of  incidence,  it  fhall  be  refraCted  into 
the  line  which  was  before  defcribed  by  the  incident 
ray. 

a The  refractive  powers  of  different  mediums  are 
nearly  as  their  denfities  ; that  is  to  fay,  if  a ray  of 
light  pafs  out  of  a rarer  into  a denfer  medium,  it 
will  in  general  be  refraCted  towards  the  perpendi- 
cular, fo  that  the  angle  of  refraCtion  will  be  lefs 
than  the  angle  of  incidence.  And  the  contrary 
will  happen  if  the  ray  pafs  out  of  a denfer  into  a 
rarer  medium  (262,  z). 

3 The  fine  of  the  angle  of  incidence  is  either  ac- 
curately or  very  nearly  in  a given  ratio  to  the 
fine  of  the  angle  of  refraCtion,  in  all  obliquities  of 
the  incident  ray. 


All 
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All  objects  fecn  by  reflexion  or  refradion  ap-  c 
pear  in  that  place  or  diredion,  from  whence  or  in 
which  the  rays  were  lafl  refleded  or  refraded  to 
the  eye. 

Thus,  if  the  ray  ac  (fig.  72.)  proceed  from  an  d 
objed  at  a to  c,  and  be  thence  refleded  to  the 
eye  of  a fpedator  at  b,  the  objed  will  be  feen  not 
at  a but  at  t,  in  the  diredion  of  the  refleded 
ray  bc.  And  if  the  ray  fc  proceed  from  an  ob- 
jed at  f,  and  be  refraded  into  the  diredion  c a 
to  the  eye  of  a fpedator  at  a,  the  objed  will  be 
feen  not  at  f but  at  n,  in  the  diredion  of  the  re- 
fraded ray  ac. 

On  this  account  it  is  that  objeds  are  feen  in  £ 
mirrors  or  looking-glades,  and  that  objeds  lecn 
under  water  appear  out  of  their  true  places.  Let 
abcd  (fig.  73-)  reprefent  a vefiel  containing  wa- 
ter, whofe  furface  is  fg,  and  let  o reprefent  an 
objed  at  the  bottom.  Then,  to  an  eye  at  e the 
objed  o will  be  feen  at  k,  by  means  of  the  ray  01., 
which  pafiing  from  a denfer  to  a rarer  medium 
(262,  a),  is  refraded  from  the  perpendicular  PQ_ 
into  the  diredion  le.  Or  let  abcd  (fig.  74-) 
reprefent  a vefiel  fo  placed  with  refped  to  the 
candle  e,  that  the  lhadow  of  the  fide  a c may  fall 
at  d.  Suppofe  it  now  filled  with  water,  and  the 
fhadow  will  withdraw  to  d,  the  ray  of  light  e a, 
inftead  of  proceeding  to  d,  being  refraded  to  d. 
And  there  is  no  doubt  but  that  an  eye  placed  at 
d would  fee  the  candle  at  e in  the  diredion  of  the 
refraded  ray  d a*. 


The 
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The  foregoing  principles  are  founded  on  experi- 
ment or  obfervation,  and  the  mathematical  appli- 
cation of  them  to  the  rays  of  light  which  pafs 
through  glaffes,  or  are  refledted  from  mirrors  of 
various  figures,  conftitutes  that  branch  of  the  fci- 
ence  of  optics  which  teaches  the  conftrudtion  of 
inftruments.  But  it  will  be  proper  to  avoid  the 
explanation  of  thefe  for  the  prefent,  till  an  ac- 
count has  been  given  of  the  various  reflexibility, 
refrangibility,  and  colours  of  light. 


CHAP.  III. 

OF  THE  VARIOUS  REFRANGIBILITY  OF  THE  RAYS 
OF  LIGHT, 

LIGHTS  which  differ  in  colour  differ  alfo  m 
J refrangibility,  and  the  contrary. 

Let  ab  (fig.  75.)  reprelent  a wedge  or  trian- 
gular prifm  of  glafs,  then  the  triangle  abc  (fig.  76.) 
may  be  conceived  to  be  a fedtion  of  the  fame,  at 
right  angles  to  its  axis.  Suppofe  jn  to  be  a ray 
of  light  incident  at  n,  and  thence  refradted  to  e, 
on  the  furface  c b,  where  it  is  again  refradted  into 
the  direction  f.  m ; fuppofe  i n to  be  another  ray 
parallel  to  the  former,  and  confequently  incident 
at  n,  with  the  fame  angle.  Now,  if  the  ray  i n 
have  exadtiy  the  fame  capability  or  difpofition  to 
be  refradted  by  the  prifm,  as  the  ray  jn,  the 
angles  of  refraction  will  alfo  be  equal,  and  i n 

4 will. 
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will,  when  refrafted  into  the  directions  n e and 
e m,  flill  continue  parallel  to  the  ray  j n,  which 
is  refracted  into  ne  and  em.  But  if  it  be  more 
refrangible  it  will  be  refracted  into  directions,  as 
n f and  f g,  verging  more  towards  the  bafe  a c,  or, 
if  lefs  refrangible,  it  will  be  refracted  into  direc- 
tions, as  n h and  h k,  that  verge  lefs  towards  the 
bafe  ac.  Whence  it  appears,  that  if  a pencil  or 
collection  of  rays  fall  parallel  to  each  other  on  one 
of  the  Tides  of  a prifm,  and  do  not  proceed  pa- 
rallel to  each  other  on  their  emergence,  it  muft  be 
becaufe  fome  of  the  rays  are  more  nefrangible  than 
others. 

Let  the  fpace  contained  between  eg  and  mr  i 
(fig.  77.)  reprefent  a darkened  chamber,  of  which 
thofe  lines  reprefent  the  Tides.  Let  j n reprefent  a 
pencil  of  light  from  the  Sun,  palling  through  the 
jiole  f,  and  incident  on  the  fide  ec  of  the  prifm 
abc.  It  is  plain,  that  if  the  prifm  were  not  in- 
terpofed,  the  pencil  j n would  proceed  to  s,  and 
there  illuminate  a fmall  circular  fpot  on  the  wall ; 
and  from  the  preceding  explanation  it  is  evident, 
that  if  all  the  rays  of  light  be  equally  refra&ed  by 
the  prifm,  the  whole  pencil,  being  equally  turned 
put  of  its  courfe,  will  fuffer  no  alteration  with  re- 
fpe£t  to  the  parallelifm  of  its  rays,  and  confe- 
quently  will,  after  refra&ion,  proceed  to  ci_,  and 
there  illuminate  a fpot  fimilar  to  that  which  would 
have  appeared  at  s.  But  if  the  pencil  be  com- 
pofed  of  rays  not  alike  refrangible,  the  mod  re- 
frangible rays  will  he  thrown  farther  from  s,  and 

the 
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'the  leaft  refrangible,  being  lefs  defleCted  out  of 
their  courfe,  muft  fall  on  a part  of  the  wall  nearer 
to  s,  while  thole  which  are  refrangible  in  the  in- 
termediate degrees  will  fall  at  interpofed  diftances 
k between  them.  The  aChial  experiment  deter- 
mines, that  the  Sun’s  light  is  compofed  of  rays, 
whofe  refrangibilities  are  not  all  the  fame  j for 
after  emerging  from  the  prifm,  inftead  of  illumi- 
jiating  a circular  fpace,  they  are  fpread  into  a long 
fpeCtrum,  bounded  by  right-lined  fides  and  circu- 
lar ends,  and  whofe  length  is  at  right  angles  to 
the  direction  of  the  axis  of  the  prifm. 

L This  oblong  fpeCtrum  is  varioufly  coloured.  The 
lower  part,  which  confifts  of  the  leaft  refrangible 
rays,  is  of  a lively  red,  which,  higher  up  by  in- 
lenfible  gradations,  becomes  an  orange  j the  orange 
in  like  manner  is  fucceeded  by  a yellow ; the  yel- 
low by  a green  ; the  green  by  a blue;  after  which, 
follows  a deep  blue  or  indigo ; and  laftly,  a faint 
violet.  With  a prifm,  whofe  refracting  angle  was 
63  degrees,  fo  placed,  that  the  angle  of  inci- 
dence on  the  firft  furface  was  equal  to  the  angle 
of  refraCtion  at  the  emergence  or  fecond  furface, 
the  fpeCtrum,  received  on  a wall  at  the  diftance 
of  1 3-1  feet,  was  10  inches,  or  10 } in  length. 
Its  breadth  is  in  all  cafes  equal  to  that  of  the  cir- 
cle, which  would  have  been  formed  at  that  dif- 
tance by  the  admitted  beam  or  pencil  of  light,  if 
the  prifm  had  not  been  interpofed. 
m The  fpaces  occupied  by  the  fevcral  colours  of 
die  fpeCtrum  anfwer  to  the  fubdivilions  of  a mu- 
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fical  chord:  thus,  if  acmf  (fig.  79.)  rcprefent 
the  fpedtrum,  and  the  lines  fm,  ba,  dg,  zy,  &c. 
mark  the  confines  of  the  colours ; the  fpace  Mabr 
being  occupied  by  the  red,  agdb  by  the  orange, 
g y z d by  the  yellow,  and  fo  forth,  in  the  order 
above-mentioned,  and  g m be  prolonged  to  x,  fo 
that  mx  may  be  equal  to  cm,  the  lines  gx,  lx, 
ix,  ex,  yx,  gx,  ax,  mx,  will  be  in  proportion 
to  each  other  as  the  numbers  1,  -®,  -f, 

-i96  > i>  and  therefore  exprels  the  chords  of  the  key, 
tone,  lefs  third,  fourth,  fifth,  greater  fixth,  greater 
feventh,  and  octave.  Or,  to  render  it  more  fami- 
liar to  thofe  whofe  knowledge  of  mufic  is  merely 
practical,  let  a b reprefent  the  firing  of  a violin  or 
guittar,  and  a fret  or  fmall  bridge  be  fixed  on  the 
finger-board  at  the  middle  diftance  a,  between  a 
and  b ; and  likewile  frets  at  g,  f,  e,  d,  c,  b,  fo 
that  the  diftances  ag,  gf,  fe,  ed,  d c,  c b,  and 
b a,  may  be  in  proportion  to  die  fpaces  occupied 
refpedtively  by  the  red,  orange,  yellow,  green, 
blue,  indigo,  and  violet  in  the  fpedtrum ; then, 
if  the  open  firing  found  a,  the  regular  afcent  of 
the  ftopt  notes  will  be  in  the  minor  third  from 
that  key ; the  notes  being  a,  b,  c,  d,  e,  f fharp, 
g fharp,  and  a odtave. 

Thofe  rays  which  have  the  fame  degree  of  re-  n 
frangibility  will,  after  refradtion,  fall  within  a cir- 
cle equal  to  that  which  would  have  been  illumi- 
nated by  the  light  if  fuffered  to  proceed  to  s 
(264,  h)  : and  therefore  the  fpedtrum  may  be 
conceived  to  be  compofed  of  an  indefinitely  great 
1 number 
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number  of  fuch  equal  circles,  whofe  centers  arc  all 
on  the  fame  line.  Forexample;  if  abdc  (fig.  78.) 
reprefent  the  fpeftrum,  the  circle  a b being  formed 
by  the  red,  or  lead  refrangible  rays,  and  the  circle 
D c by  the  violet,  or  moft  refrangible  rays,  then  the 
rays,  whofe  refrangibility  is  intermediate,  will  form 
an  innumerable  feries  of  circles,  and  fill  up  the 
whole  fpace,  fo  that  a c and  b d will  appear  as  right 
o lines.  Now,  it  is  obfervable,  that  though  the  light 
in  the  fpeftrum  thus  feparated  into  its  original  rays 
is  much  lefs  compounded  than  before,  yet  it  is  ftill 
compounded  in  no  fmall  degree  by  the  interference 
of  the  circles  with  each  other,  particularly  at  the 
line  e f,  equidiftant  between  a c and  b d j and  that 
at  the  lines  a c and  b d,  where  the  circles  do  not 
interfere  at  all,  the  light  is  perfeftly  homogeneous 
p or  uncompounded.  But  becaufe  the  colouis  in  the 
fpeftrum  contiguous  on  either  fide  of  any  given 
colour  do  by  mixture  compound  a colour  that  dif- 
fers infenfibly  from  the  original  intermediate  co- 
lour itfell,  a right  line  drawn  perpendicularly  acrofs 
the  fpeftrum  will  be  found  in  the  fame  colour 
^throughout.  For  moft  experiments  in  which  un- 
compounded light  is  required,  that  of  the  fpeftrum 
will  be  found  fufticiently  fo,  but  in  cafes  where  a 
*"  greater  nicety  is  demanded,  the  common  diameter 
cf  the  circles,  or  breadth  of  the  fpeftrum,  may  be 
diminilhed  by  making  the  hole  at  f fmaller,  or  the 
figure  of  the  hole  may  be  altered. 
r It  is  evident  from  what  has  already  been  faid,  that 

this  phenomenon  arifes  from  the  nature  of  light  itfelf, 
4 fome 
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Tome  of  the  rays  of  which  are  more  refrangible  than 
others.  And  as  an  additional  confirmation  it  is  s 
obferved,  that  if  the  fpectrum  be  received  on  a 
hoard  which  is  perforated,  fo  as  to  let  pafs  one  ray 
of  light,  or  colour,  that  ray  will  not  be  changed 
by  any  refraction  it  may  be  afterwards  made  to 
luffer,  but  continues  the  fame  both  in  colour  and 
refrangibility.  And  if  the  colours  of  the  fpeCtrum  t 
be  any  reflexion  or  refraction  made  to  unite  again, 
they  will  again  form  the  compounded  colour  of 
whitenefs. 

The  quantity  of  the  difpeiTion  of  the  rays  of  w 
light,  which  at  equal  diftances  from  the  prifm  is 
nearly  expreffed  by  the  length  of  the  fpectrum, 
does  not  follow  the  quantity  of  the  refraCtion  of  the 
mean  ray,  except  in  mediums  of  the  fame  kind. 
Thus,  if  two  prifms  of  different  kinds  of  glafs  re-  v 
fradt  the  folar  ray  equally  out  of  its  firfb  direction, 
the  fpeCtrum  of  colours  formed  by  the  one  will  be 
much  longer  than  that  formed  by  the  other  ; and 
it  is  found,  that  in  equal  angles  of  mean  refraCtion,  w 
glafs,  in  the  compofition  of  which  much  lead  enters, 
difperfes  the  light  into  its  component  colours  much 
more  than  glafs  which  abounds  with  alkaline  falts  *. 

If  by  means  of  two  prifms,  a fmall  piece  of  pa-  x 
per  be  illuminated,  the  one  half  with  red,  and  the 
other  half  with  violet  light,  and  an  obfener  view 
the  fame  through  another  prifm,  the  paper  will,  by 
the  different  refrangibility  of  the  rays,  appear  di- 

* A Cta  (or  perhaps  Mifcellanea)  Berolineafia,  for  1766, 
auoted  by  Prieftley  in  his  Optics,  p.  474.  • 
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vidcd  into  two.  For  the  violet  half  being  feen  by 
a more  refrangible  light,  will  appear  to  be  carried 
farther  from  its  true  place  than  the  red,  and  will 
Y therefore  feem  to  be  feparated  from  it.  The  fame  is 
likewife  true  of  colours  which  arife  from  the  repa- 
ration of  light  which  is  made  by  bodies  on  which 
it  falls,  and  which  we  are  apt  to  call  natural  co- 
lours ; for  if  a paper  be  painted,  the  one  half  with 
a lively  red,  and  the  other  half  with  an  indigo,  and 
it  be  placed  in  the  Sun's  light,  it  will  in  the  fame 
manner  appear  divided,  if  viewed  through  a prifm. 


CHAP.  IV. 

OF  THE  VARIOUS  REFLEXIBILITY  OF  THE  R.AYS 

OF  LIGHT. 

2 rpHE  Sun’s  light  confifts  of  rays  which  differ  ? 

JL  in  reflexibility,  and  thofe  rays  which  are  more 
refrangible  are  alfo  more  reflexible  than  others. 
a Let  abc  (fig.  80.)  reprefent  a prifm,  whole  angle 
b is  a right  angle,  and  the  two  angles  a and  c 
equal  to  each  other.  Suppofe  j n to  be  a beam  of 
light  which  paffes  through  the  furface  b c,  and  is 
incident  on  ac  at  n.  It  will  then  emerge  in  the 
direction  n g,  lb  that  the  fine  of  the  angle  of  refrac- 
tion gnw  may  be  in  a certain  ratio  (262,  b) 
to  the  line  of  the  angle  of  incidence  b n z,  which 
in  glafs  is  as  3 to  2,  nearly.  Now,  when  the  angle 
of  incidence  at  n is  fuch,  that  the  fine  of  the  angle 
of  refraction  is  equal  to  the  radius,  the  angle  of 

refraCtion 
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rcfraftion  becoming  a right  angle,  the  ray  cannot 
emerge,  but  will  be  totally  refledted  or  turned  back 
into  &the  glais.  This  happens  in  glafs  when  the 
angle  of  incidence  is  about  41  degrees. 

That  the  component  rays  of  light  are  not  at  b 
all  equally  difpofed  to  be  refledted,  is  proved  by 
turning  the  prifm  {lowly  on  its  axis,  till  the  light 
besins  to  be  refledted  ; for  it  then  appears,  that  the 
more  refrangible  rays  are  refledted  fooner,  or  at  lefs 
angles  of  incidence  than  thofe  which  are  lefs  refran- 
gible. Let  n m reprelent  the  refledted  beam,  and  c 
fuppofe  the  prifm  v x y placed  fo  as  to  receive  and 
feparate  it  into  its  component  colours  by  refradtion: 
then  the  light  which  firft  begins  to  be  'reflefted, 
confifting  almoft  intirely  of  violet  rays,  will  by  the 
fecond  prifm  be  refradted  fo  as  to  fall  at  p,  and 
paint  a violet  colour.  As  the  firft  prifm  continue* 
to  be  turned  on  its  axis,  the  light  is  more  and  more 
copioufiy  refiedted,  and  the  colours  between  p and 
1 t appear  in  fucceffion  according  to  their  order  in 
refrangibility  ; violet,  indigo,  blue,  green,  yellow, 
orange,  and  laftly  red,  at  which  time  the  refledtion 
becomes  total:  the  colours  formed  by  refradtion  at 
h g difappearing  as  thofe  at  pt  appear. 

White  light  being  proved  to  confift  of  rays 
which  differ  in  refrangibility,  reftexibility,  and 
the  power  of  exciting  the  idea  of  colour;  it  is 
clear  that  nothing  more  is  neceffary  to  account 
for  the  colours  of  bodies  than  to  fuppofe  each  body 
endued  with  a power  or  aptitude  to  refledt  the  rays 

of  one  particular  colour,  and  to  imbibe  the  reft. 

But 
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But  the  truth  of  this  does  not  reft  on  mere  fuppo- 
e fition.  Bodies  expoled  to  the  uncompounded  light 
of  the  fpedtrum,  are  ever  found  to  be  of  the  colour 
of  the  light  in  which  they  are  placed,  with  this  only 
difference,  that  they  appear  much  more  lively  in 
that  colour,  which  is  the  fame  with  that  whicli  they 
f exhibit  in  tlje  day  light.  And  from  hence  it  ap- 
pears, that  the  colours  of  bodies  cannot  be  fo 
homogeneous  and  full  as  thofe  of  the  fpectrum; 
for  fince  they  refledt  all  colours  in  fome  degree  as 
well  as  the  principal  or  predominant  one,  that 
principal  colour  muft  be  much  diluted  and  weak- 
c ened  by  the  mixture.  It  may  iikewife  from  hence 
be  inferred,  that  as  the  uncompounded  colours  are 
not  changeable  by  refraction,  fo  neither  are  they 
changeable  by  refledlion. 

h Language  being  invented  chiefly  for  the  expref- 
ilon  of  ordinary  events  that  do  not  require  any 
great  precifion,  it  very  frequently  happens,  that 
the  fame  word  is  ufed  to  denote  very  different 
things.  It  is  proper  to  be  remarked,  that  the  word 
colour  is  thus  ufed.  If  the  word  be  ufed  to  denote 
the  fenfation  or  idea  excited  in  the  mind,  it  is  fuf- 
ficiently  obvious,  that  it  cannot  be  fcientifically 
ufed  to  denote  that  attribute  by  which  bodies  are 
able,  by  refledling  the  rays  of  light,  to  produce  the- 
fenfation.  And  ftill  lels  ought  it  to  be  ufed  to 
imply  that  quality  the  various  kinds  of  light  pofiefs, 
of  producing  the  fenfation,  when  feparated  from- 
each  other,  either  by  relledtion  from  bodies  of 
othenyife.  It  may,  however*  be  allowed  to  ufc 

the 


OF  THE  RAINBOW* 


V3 

the  terms  coloured  rays,  or  coloured  bodies,  though 
the  fenfation  of  colour,  the  fpecific  properties  of  the 
rays,  and  of  the  reflecting  bodies,  are  undoubtedly 
things  very  different  from  each  other.  So  different., 
indeed,  that  this  remark  might  with  juftice  be  fup- 
pofed  unneceffary/if  experience  had  not  fhewn,  that 
among  the  pretenders  to  philofophical  knowledge 
fome  have  been  found  capable  of  miftaking  in  this* 
very  particular*. 

CHAP.  V. 

CONCERNING  THE  RAINEOW. 

TH  E inftance  of  the  feparation  of  the  primary 
colours  of  light  which  feems  moft  lemai li- 
able, is  that  of  the  rainbow.  It  is  formed  in  gene- 
ral by  the  refledtion  of  the  rays  of  the  Sun  s light 
from  the  drops  of  falling  rain,  though  frequently 
it  appears  among  the  waves  of  the  fea,  whole  heads 
or  tops  are  blown  by  the  wind  into  fmall  drops,  and 
is  fometimes  ieen  on  the  ground  when  the  Sun 
fhines  on  a very  thick  dew.  Cafcades  and  foun- 
tains, whofe  waters  are  in  their  fall  divided  into 
drops,  exhibit  rainbows  to  a fpedtatcr,  if  properly 
fituated  during  the  time  of  the  Sun  s fhinmg  , and 
water  blown  violently  out  of  the  mouth  of  an  ob- 
ferver,  whofe  back  is  turned  towards  the  Sun, 
never  fails  to  produce  the  fame  phenomenon,  I his 

* The  oppofers  of  Newton’s  difeoveries  on  light  and  colours 
have  falfely  affirmed,  that  he  taught  that  the  ia vs  of  light 
coloured. 
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appearance  is  alfo  fcen  by  moonlight,  though  lei- 
dom  vivid  enough  to  render  the  colours  ddtin- 
guifhable  ; and  the  artificial  rainbow  may  be  pro- 
duced even  by  candle-light  on  the  water  which  is 
ejeCted  by  a fmall  fountain  or  jet  d’eau.  All  thefe 
are  of  the  fame  nature,  and  dependant  on  the  fame 
caufes,  an  idea  of  which  may  be  formed  by  the  I 
following  confiderations. 

Let  the  circle  w^gb  (fig.  81.)  reprefent  a * 
globe  or  drop  of  water  upon  which  a beam  of 
parallel  light  falls,  of  which  let  t b reprefent  a ray  | 
falling  perpendicularly  at  b,  and  which  by  confe-  , 
quence  (262,  y,  b)  either  pafles  through  without 
refraction,  or  is  reflected  direCtly  back  from  <*_.  E 
Suppofe  another  ray  1 k,  incident  at  k,  at  a dif-  | 
tance  from  b,  and  it  will  be  refraCted  according  to 
a certain  ratio  (262,  b)  of  the  fines  of  incidence 
and  refraftion  to  each  other,  which  in  rain  water 
is  as  529  to  396,  to  a point  l,  whence  it  will  , 
be  in  part  tranfmitted  in  the  direction  l z,  and 
in  part  reflected  to  m,  where  it  will  again  in 
part  be  reflected,  and  in  part  tranfmitted  in  the 
direction  m p,  being  inclined  to  the  line  dc-  j 
feribed  by  the  incident  ray  in  the  angle  1 o p.  An-  , 
other  ray  an,  {till  farther  from  b,  and  confe- 
quently  incident  under  a greater  angle,  will  be 
refraCted  to  a point  r , yet  farther  from  o_,  whence 
it  will  be  in  part  reflected  to  c,  from  which  place 
it:  will  in  part  emerge,  forming  an  angle  a x r with 
the  incident  an,  greater  than  that  which  was 

formed 


CONCERNING  THE  RAINBOW.  11$ 

formed  between  the  ray  m p and  its  incident  ray. 
And  thus,  while  the  angle  of  incidence  or  diftance 

of  the  point  of  incidence  from  b increafes,  the 
diftance  between  the  point  of  reflection  and  and 

the  angle  formed  between  the  incident  and  emer- 
gent reflected  rays  will  alfo  increafe  i that  is  to  fay, 
as  fir  as  it  depends  on  the  diftance  from  b : but 
as  the  refraCtion  of  the  ray  tends  to  carry  the  point 
of  reflection  towards  cl.,  and  to  diminifli  the  angle 
formed  between  the  incident  and  emergent  reflected 
ray,  and  that  the  more  the  greater  the  diftance  of  the 
point  of  incidence  from  b,  there  will  be  a certain 
point  of  incidence  between  b and  w,  with  which 
the  greateft  poflible  diftance  between  the  point  of 
reflection  and  cl,  and  the  greateft  poflible  angle 
between  the  incident  and  emergent  reflected  ray  will 
correfpond.  So  that  a ray  incident  nearer  to  b fhall,  at 
its  emergence  after  reflection,  form  a lefs  angle  with 
the  incident,  by  reafon  of  its  more  direCt  reflection 
from  a point  nearer  to  and  a ray  incident  nearer  to 
w,  fhall  at  its  emergence  form  a lefs  angle  with  tire 
incident,  by  reafon  of  the  greater  quantity  of  the 
angles  of  refradion  at  its  incidence  and  emergence. 
The  rays  which  fall  for  a confiderable  fpace  in  the  vi- 
cinity of  that  point  of  incidence  with  which  the  great- 
eft angle  of  emergence  correfponds,  will,  after  emerg- 
ing, form  an  angle  with  the  incident  rays  differing 
infenftbly  from  that  greateft  angle,  and  confequently 
will  proceed  nearly  parallel  to  each  other ; and  tnofe 
rays  which  fall  at  a diftance  from  that  point  wid 
emerge  at  various  angles,  and  confequently  will 
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diverge.  Now,  to  a fpeflator,  whofe  back  is  turned  ' 
towards  the  radiant  body,  and  whole  eye  is  at  a 
confiderable  diftance  from  the  globe  or  drop,  the 
divergent  light  will  be  fcarcely,  if  at  all,  pcicep- 
tible;  but  if  the  globe  be  fo  fituated,  that  thofe 
rays  which  emerge  parallel  to  each  other,  or  at  the 
greateft  poflible  angle  with  the  incident,  may  arrive 
at  the  eye  of  the  lpeftator,  he  will,  by  means  of 
thofe  rays,  behold  it  nearly  with  the  fame  fplendorl 
at  any  diftance. 

n In  like  manner,  thofe  rays  which  fall  parallel  on 
a o-lobe,  and  are  emitted  after  two  reflections,  fup-1 
pole  at  the  points  f and  g,  will  emerge,  at  h,  . 
parallel  to  each  other,  when  the  angle  they  make, 
with  the  incident,  a n,  is  the  leaft  poflible ; and 
the  globe  muff  be  feen  very  refplendent,  when  its 
pofition  is  fuch,  that  thofe  parallel  rays  fall  on  the* 
eye  of  the  fptdlator. 

o The  quantities  of  thefe  angles  are  determined  by?, 
calculation,  the  propprtion  of  the  fines  of  incidence 
and  refra&ion  to  each  other  being  known.  And 
this  proportion  being  different  (264,  g)  in  rays 
which  produce  different  colours,  the  angles  muff 
vary  in  each.  Thus  it  is  found,  that  the  greateft 
angle  in  rain-water  for  the  leaft  refrangible,  or  red 
rays,  emitted  parallel  after  one  reflexion  is  42*  1 
■2  , and  for  the  moft  refrangible  or  violet  rays  emit- 
ted parallel  after  one  reflexion  40°  *7;  likewife 
after  two  reflexions  the  leaft  refrangible  or  red  rays 
will  be  emitted  nearly  parallel  under  an  angle  of 
50*  57 , and  the  moft  refrangible  or  violet  under 
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an  angle  of  540  7';  and  die  intermediate  colours 
will  be  emitted  nearly  parallel  at  intermediate 
angles. 

Suppofe  now,  that  o (fig.  65^)  is  the  fpeCtator’s  p 
eye,  and  o p a line  drawn  parallel  to  the  Sun’s 
rays,  and  let  po'e,  pof,  pog,  poh,  be  angles 
of  40^  17  , 420  2,  50°,  57 , and  540  7'  refpec- 
tively,  and  thefe  angles  turned  about  their  com- 
mon fide  o p,  will,  with  their  other  fides  oe,  of; 
o g,  o h defcribe  the  verges  of  two  rainbows  as  in 
the  figure.  For,  if  e,  f,  g,  h be  drops  placed  any 
where  in  the  conical  luperficies  defcribed  by  o e, 
of,  o g,  oh,  and  be  illuminated  by  the  Sun’s 
rays  s e,  s f,  s g,  s h ; the  angle  s e o being  equal 
to  the  angle  poe,  or  40°  17',  wfill  be  the  greated 
angle  in  which  the  mod:  refrangible  rays  can,  after 
one  reflection,  be  refraCted  to  the  eye,  and  there- 
fore all  the  drops  in  the  line  oe  mull  fend  the  mod; 
refrangible  rays  mod  copioufiy  to  the  eye,  and 
thereby  drike  the  fenfe  with  the  deeped  violet 
colour  in  that  region.  And  in  like  manner  the 
angle  sfo  being  equal  to  the  angle  p o f,  or  420  2', 
will  be  the  greated  in  which  the  lead  refrangible 
rays  after  one  reflection  can  emerge  out  of  the  drops, 
and  therefore  thofe  rays  mud  come  mod  copioufiy  to 
the  eye  from  the  drops  in  the  line  o f,  and  drike 
the  fenfe  with  the  deeped  red  colour  in  that  region. 
And,  by  the  fame  argument,  the  rays  which  have 
the  intermediate  degrees  of  refrangibility  will  come 
mod  copioufiy  from  drops  between  e and  f,  and 
drike  the  fenfes  writh  the  intermediate  colours  in  the 
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order  which  their  degrees  of  refrangibility  require ; 
that  is,  in  the  progrefs  from  e to  f,  or  from  the 
infide  of  the  bow  to  the  outfide,  in  this  order, 
violet,  indigo,  blue,  green,  yellow,  orange,  red. 
But  the  violet,  by  the  mixture  of  the  white  light  of 
the  clouds,  will  appear  faint,  and  inclined  to  purple. 

Again,  the  angle  s c o being  equal  to  the  angle 
roc,  or  50°  57,  will  be  the  leaft  angle  in  which 
the  leaft  refrangible  rays  can,  after  two  reflections, 
emerge  out  of  the  drops,  and  therefore  the  leaft 
refrangible  rays  muft  come  moft  copioufly  to  the 
eye  from  the  drops  in  the  line  oc,  and  ftrike  the 
fenfe  with  the  deepeft  red  in  that  region.  And  the 
angle  sho  being  equal  to  the  angle  poh,  or  540 
7 , will  be  the  leaft  angle  in  which  the  moft  re- 
frangible rays,  after  twro  reflections,  can  emerge 
out  of  the  drops,  and  therefore  thofe  rays  muft 
come  moft  copioufly  to  the  eye  from  the  drops  in 
the  line  o h,  and  ftrike  the  fenfe  with  the  deepeft 
violet  in  that  region.  And,  by  the  fame  argu- 
ment, the  drops  in  the  regions  between  g and  h 
will  ftrike  the  fenfe  with  the  intermediate  colours 
in  the  order  which  their  degrees  of  refrangibility 
require  3 that  is,  in  the  progrefs  from  g to  h,  or 
from  the  infide  of  the  bow  to  the  outfide  in  this 
Order,  red,  orange,  yellow,  green,  blue,  indigo, 
and  violet.  And  lince  the  four  lines  oe,  of,  og, 
o h may  be  fltuated  any  where  in  the  above-men- 
tioned conical  fuperficies,  what  is  laid  of  the  drops 
and  colours  in  thele  lines  is  to  be  underftood  of  the 
drops  and  colours  every  where  in  thofe  fuperficies, 

- • Thus 
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Thus  there  will  be  made  two  bows  of  colours,  r 
an  interior  and  ftronger,  by  one  reflection  in  the 
drops,  and  an  exterior  and  fainter  by  two ; for  the 
light  becomes  fainter  by  every  reflection ; and  their 
colours  will  lie  in  a contrary  order  to  each  other, 
the  red  of  both  bows  bordering  upon  die  fpace  gf, 
which  is  between  the  bows.  The  breadth  of  the 
interior  bow,  eof,  meafured  crofs  the  colours, 
will  be  i°  45',  and  the  breadth  of  the  exterior, 
goh,  will  be  3°  io,  and  the  diftance  between 
them  gof,  will  be  8°  55',  the  greateft  femidi- 
ameter  of  the  innermoft,  that  is,  the  angle  pof, 
being  420  2',  and  the  leaft  femidiameter  of  the 
outermoft  pog  being  50°  57'.  Thefe  are  the  mea- 
fures  of  the  bows,  as  they  would  be,  were  the  Sun 
but  a point ; for,  by  the  breadth  of  its  body,  the 
breadth  of  the  bows  will  be  increafed,  and  their 
diftance  diminiftied  by  half  a degree,  and  fo  the 
breadth  of  the  interior  iris  will  be  20  15',  that  ol 
the  exterior  30  40',  their  diftance  8°  25'  j the  great- 
eft  femidiameter  of  the  interior  bow  42°  17 , and 
the  leaft  of  the  exterior  50°  42 . And  fuch  are 
the  dimenfions  of  the  bows  in  the  heavens  found 
to  be  very  nearly,  when  their  colours  appear  ftrong 
and  perfeCl. 

The  light  which  comes  through  drops  of  rain  by  s 
two  refraCtions  without  any  reflection  ought  to  appear 
ftrongeft  at  the  diftance  of  about  26  degrees  from 
the  Sun,  and  to  decay  gradually  both  ways  as  the 
diftance  from  the  Sun  increafes  and  decreafes. 
And  the  fame  is  to  be  underftood  of  light  tranf- 
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mitted  through  Spherical  hail-ftones.  And  if  the 
hail  be  a little  flatted,  as  it  often  is,  the  light 
tranfmitted  may  grow  fo  ftrong  at  a little  lefs  dis- 
tance than  that  of  26  degrees,  as  to  form  a halo 
about  the  Sun  a'nd  Moon ; which  halo,  as  often 
as  the  ftones  are  duly  figured,  may  be  coloured, 
and  then  it  muft  be  red  within,  by  the  lead  refran- 
gible rays,  and  blue  without,  by  the  mod  refran- 
gible ones. 

t The  light  which  pafies  through  a drop  ot  rain 
after  two  refradtions,  and  three  or  more  reflec- 
tions, is  Scarce  ftrong  enough  to  cauie  a fenfibtt 
bow.  • 


C H A P.  VI. 

OF  THE  SEPARATION  OF  THE  ORIGINAL  RAYS  OF 
LIGHT  BY  REFLECTION  OR  TRANSMISSION, 
THAT  DEPENDS  ON  THE  THICKNESS  OF  THE 
MEDIUM  UPON  WHICH  THEY  ARE  INCIDENT. 

u rn  pp  E original  or  component  rays  of  light  are 
Separable  from  each  other,  not  only  by  re- 
flation, or  by  varying  the  angle  of  incidence  on 
a reflecting  Surface,  but  are  likewife  at  like  inci- 
dences more  or  lefs  reflexible,  according  to  the 
thicknefs.  or  diftance  between  the  two  Surfaces  of 
v the  medium  on  which  they  fall.  They  are  alfo 
liable  to  be  turned  out  of  their  diredt  courfe  by 
approaching  within  a certain  diftance  from  a body, 
by  which  means  a reparation  enfues,  the  rays  be- 
ing 
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iucv  more  or  lei's  deflected  as  they  differ  in  colour. 

Of  thefe  circumftances  it  will  be  proper  to  give 
fome  account. 

If  a glafs  or  lens,  whofe  furface  is  convex,  or  a w 
portion  cf  a iphere,  be  laid  upon  another  plain 
glafs,  it  is  evident  that  it  will  reft  or  touch  at  one 
particular  point  only ; anci  tnerefoie,  that  at  all 
other  places  between  the  adjacent  iunaces  will  be 
intcrpofed  a thin  plate  of  air,  the  tnicLnefs  of 
which  will  increafe  in  a certain  ratio,  according  to 
the  diftance  from  the  point  ot  contact 3 that  is  to 
fay,  in  arcs  whofe  verfed  lines  are  very  fmaJ,  as 
the  diameter  of  the  fphere  is  to  the  fine  oi  the  ai  c, 
fb  is  that  fine  to  the  verfed  fine  or  thicknefs  of  the 
air  at  the  diftance  meafured  by  the  fine. 

Light  incident  upon  fuch  a plate  or  air  is  dii-  x 
poled  to  be  tranfmitted  or  reflected  according  to 
its  thicknefs  : thus,  at  the  center  of  contact,  tne 
light  is  tranfmitted,  and  a black  circular  ipot  ap- 
pears ; this  fpot  is  environed  by  a circle,  the  co- 
lours of  which,  reckoning  from  the  internal  part, 
are  blue,  white,  yellow,  red  3 then  follows  another 
circular  leries,  viz.  vioiet,  blue,  green,  yeliow, 
red ; then  purple,  blue,  green,  yellow,  red  3 gieen, 
red ; greenifh  blue,  red  3 greenifh  blue,  paleied; 

greenifh  blue,  reddifh  white. 

Thefe  are  the  colours  which  appeal  by  leflec-  \ 
tion  : by  the  tranfmitted  light  the  following  feries 
are  feen.  At  the  center  white,  then  yellowifh  red, 
black  3 violet,  blue,  white,  yellow,  red  ; violet, 

blue,  green,  yellow,  red,  dec.  10  that  the  tianf- 
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mitted  light  at  any  thicknefs,  inftead  of  white, 
appears  of  the  compounded  colour  which  it  ought 
to  have  after  the  fubtradion  of  fome  of  the  condi- 
ment colours  by  refledion ; after  which  feries  the 
colours  become  too  faint  and  dilute  to  be  dilcerned. 
z It  is  obfervable,  that  the  glades  will  not  come  into 
contad  without  a confiderable  degree  of  preffure. 
a By  admeasurement  it  appears,  that  the  rays  of 
any  particular  colour  are  difpofed  to  be  refleded 
when  the  thicknefies  of  the  plate  of  air  are  as  the 
numbers  1.  3.  5.  7.  9.  n.  &c.  and  that  the 
fame  rays  are  difpofed  to  be  tranfmitted  at  the  in- 
termediate thickneifes  which  are  as  die  numbers 
o.  1.  4.  6.  8.  10.  &c. 

b The  places  of  refledion  or  tranfmiffion  of  the 
feveral  colours  in  a feries  are  fo  near  each  other, 
that  the  colours  dilute  each  other  by  mixture, 
whence  the  number  of  feries  in  the  open  day-light 
feldom  exceeds  feven  or  eight : but  if  the  fyftem 
be  viewed  through  a prifm,  by  which  means  the 
rings  of  various  colours  are  leparated  according  to 
their  refrangibilities,  they  may  be  feen  on  that  fide 
towards  which  the  refradion  is  made,  fo  numerous, 
c that  it  is  impofllble  to  count  them.  Or,  if  in  a 
dark  chamber  the  Sun’s  light  be  leparated  into  its 
ori  ginal  rays  by  a prifm,  and  a ray  of  one  uncom- 
pounded colour  be  received  upon  the  two  glalfes 
heretofore  deferibed,  the  number  of  circles  will  be- 
come very  numerous,  and  both  the  refleded  and 
tranfmitted  light  will  remain  of  the  fame  colour  as 
the  original  incident  ray.  In  this  experiment  it 

alfo 
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alfo  is  feen,  that  in  any  feries,  the  circles  formed 
by  the  lefs  refrangible  rays  exceed  in  magnitude 
thofe  which  are  formed  by  the  more  refrangible 
rays,  and  confequently  that  in  any  feries  the  more  d 
refrangible  rays  are  refteaed  at  lefs  thickneffes 
than  thofe  which  are  lefs  refrangible. 

If  the  light  be  incident  obliquely,  the  rings  of  i 
colours  dilate  and  enlarge  themfelves ; wnence  it 
follows,  that  the  thicknefs  required  to  reflect  the 
colours  of  any  feries  is  different  in  different  obli- 
quities. 

1 Water,  applied  to  the  edges  of  the  glaffes,  is  p 
attracted  between  them,  and  filling  all  the  inter- 
cedent  fpace,  becomes  a thin  plate  of  the  fame  di- 
menfions  as  that  which  before  was  conftituted  of 
air.  In  this  cafe  the  rings  become  much  fainter, 
but  vary  not  in  their  fpecies,  and  are  conti  aCtcd 
in  diameter  nearly  in  the  proportion  of  7 to  8 . 
confequently  the  intervals  01  the  glaffes  at  like  cir- 
cles caufed  by  thefe  twro  mediums,  water  and  air, 
are  as  about  3 to  4;  that  is,  nearly  as  the  fines 
which  meafure  the  angles  of  incidence  and  refrac- 
tion, made  at  a common  furface  between  them. 
And  hence  it  may  be  fufpeCted,  that  if  any  other  g 
medium,  more  or  lefs  denfe  than  water,  be  com- 
preffed  between  the  two  glaffes,  their  intervals  at 
the  rings  caufed  thereby  will  be  to  the  inteivals  at 
which  fimilar  rings  are  caufed  by  the  interjacent 
air,  as  the  fine  which  meafures  the  refraction  made 
out  of  air  into  that  medium  is  to  the  fine  of  the 
incidence  on  the  common  furface. 
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h Thefe  are  fome  of  the  phenomena  of  light  inci- 
dent on  mediums  which  are  environed  by  mediums 
of  greater  denflty,  as  air  or  water  compreflfed  or 
included  between  plates  of  glafs.  The  fame  ap- 
pearances follow,  though  with  fome  little  varia- 
tion, when  the  colorific  medium  is  denfer  than  that 
in  which  it  is  inclofed. 

j It  is  well  known  that  bubbles  blown  in  foap- 
water  exhibit  a great  variety  of  colours ; but  as 
thefe  colours  are  commonly  too  much  agitated  by 
the  external  air  to  admit  of  any  certain  obferva- 
tion,  it  is  neceffary  that  the  bubble  be  covered 
with  a clear  glafs  ; in  which  fituation  the  following 
appearances  enfue : the  colours  emerge  from  the 
vertex  or  top  of  the  bubble,  and  as  it  grows  thin- 
ner by  the  fubfidence  of  the  water,  they  dilate  into 
circles  or  rings  parallel  to  the  horizon,  which 
{lowly  defcend  and  vanifh  fuccefflvely  at  the  bot- 
tom. This  emergence  continues  till  the  water  at 
the  vertex  becomes  too  thin  to  refled;  the  light,  at 
which  time  a circular  fpot  of  an  intenfe  blacknefs 
appears  at  the  top,  which  flowly  dilates  fometimes 
to  three  quarters  of  an  inch  in  breadth  before  the 
bubble  breaks.  Reckoning  from  the  black  central 
fpot,  the  refleded  colours  are  the  fame  ip  fuccef- 
flon  and  quality  as  thofe  produced  by  the  afore- 
mentioned plate  of  air,  and  the  appearance  of  the 
bubble,  if  viewed  by  tranfmitted  light,  is  alfo  fi- 
milar  to  that  of  the  plate  of  air  in  like  circum- 
ftances. 


If 
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If  the  colours  be  viewed  with  different  obliqiii-  k 
ties,  their  place  is  changed,  but  not  near  fo  much 
as  in  the  plate  of  air. 

The  end  of  a fmall  glafs  tube  or  pipe  being  melt-  r. 
ed,  by  turning  the  flame  of  a candle  or  lamp  upon 
it,  by  means  of  a blow-pipe,  may  be  blown  into  a 
bubble  of  an  extreme  thicknefs.  Such  a bubble 
will  exhibit  colours  of  the  fame  kind  as  the  fore- 
going, but  much  more  brifk  and  lively.  From  m 
which,  and  the  premifed  obfervations,  it  is  con- 
cluded, that  a denfer  medium  inclofed  by  one  that 
is  rarer  exhibits  more  lively  colours  than  thole 
which  are  produced  by  a rarer  medium  included 
in  one  that  is  more  denfe.  It  is  alfo  obfervable,  n 
that  the  colours  produced  by  reflection  from,  or 
tranfmiifion  through,  denfe  fubftances,  are  lefs 
fubjeft  to  vary  by  change  of  the  obliquity  of  the 
incident  light  than  they  are  in  fubftances  that  are 
more  rare. 

By  wetting  very  thin  plates  of  Mofcovy  glafs,  o 
whole  thinnefs  occafion  the  like  colours  to  appear, 
the  colours  become  more  faint  and  languid,  efpe- 
cially  if  wetted  on  the  ftirface  oppofite  to  the  eye ; 
but  no  variation  of  their  fpecies  is  produced : fo 
that  the  thicknefs  of  any  plate,  requiftte  to  produce 
any  colour,  leems  to  depend  only  on  the  denfity 
of  the  plate,  and  not  on  that  of  the  ambient  me- 
dium : and  hence,  if  the  fufpicion  formerly  urged 
be  true  (283,  g),  may  be  known  the  thicknefs 
which  thin  plates  of  any  transparent  fubftance  have 

at 
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at  the  place  where  a given  colour  in  any  feries  is 
produced.  For, 

As  the  fine  of  the  angle  of  incidence  at  the  com- 
mon furface 

Is  to  the  fine  of  the  angle  of  refraction  out  of 
the  given  medium  into  air. 

So  is  the  thicknefs  of  a plate  of  air  which  ex- 
hibits the  given  colour 
To  the  thicknefs  of  the  given  plate. 

p As  lenfes  ground  to  a long  radius  are  neceffary 
to  be  ufed  in  thefe  experiments,  and  fuch  are  not 
very  common,  it  may  be  an  acceptable  piece  of 
information  for  the  learner  to  know,  that  their 
place  may  be  well  fupplied  by  two  pieces  of  plate - 
glafs,  or  even  common  glafs.  If  thele  be  previ- 
oufly  wiped,  and  then  rubbed  together,  they  will 
foon  adhere  with  a confiderable  degree  of  force, 
and  exhibit  various  ranges  of  colours,  much  broader 
than  thofe  obtained  by  lenfes.  One  of  the  molt 
remarkable  circumftances  attending  this  method  of 
making  the  experiment  is  the  facility  with  which 
the  colours  may  be  removed,  or  even  made  to 
difappear  by  heats  too  low  to  feparate  the  glafies. 
It  feems  moil  probable,  that  the  operation  of  heat 
confifts  in  augmenting  the  diftance  between  the 
furfaces.  A touch  of  the  finger  immediately  caufes 
the  irregular  rings  of  colours  to  con  trad  towards 
their  center  in  the  part  touched. 
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GENERAL  INFERENCES  RESPECTING  THE  DISPOSI- 
TION TO  BE  REFLECTED  OR  TRANSMITTED, 
INTO  WHICH  THE  RAYS  OF  LIGHT  ARE  PUT, 

BY  THE  ACTION  THAT  DEPENDS  ON  THE 
THICKNESS  OF  THE  MEDIUM  UPON  WHICH 
THEY  ARE  INCIDENT. 

THE  experiments  or  obfervations  in  the  laft 
chapter  being  maturely  weighed  and  consi- 
dered, indicate  the  following  theorem  or  general 
propofition ; namely. 

Every  ray  of  light  in  its  paflage  through  any  re-  r 
framing  furface  is  put  into  a certain  tranfient  con- 
ftitudon  or  ftate,  which  in  the  progrefs  of  the  ray 
returns  at  equal  intervals,  and  dilpofes  the  ray,  at 
every  return,  to  be  eafily  tranfmitted  through  the 
next  refracting  furface,  and,  between  the  returns, 
to  be  eafily  reflected  by  it. 

For,  by  thofe  obfervations  it  appears,  that  one  s 
and  the  fame  fort  of  rays,  at  equal  angles  of  inci- 
dence on  any  thin  tranfparent  plate,  is  alternately 
reflected  and  tranfmitted  for  many  fuccefilons ; ac- 
cordingly, as  the  thicknefs  of  the  plate  increafes 
in  arithmetical  progrefiion  of  the  numbers  o,  1,2, 

3j  4>  5j  6,  7,  8,  &c.  fo  that  if  the  firft  refle&ion, 
or  that  which  makes  the  firft  or  innermoft  ring  of 
colours,  be  made  at  the  thicknefs  1 , the  rays  fhall 

be 
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be  tranfmitted  at  the  thick  ntfles  o,  2,  4,  6,  8,  IQ, 
12,  Sec.  and  thereby  make  the  central  lpot  and 
rings  of  light  which  appear  by  tranfmiflion,  and 
be  reflected  at  the  thickneffes  1,  3,  5,  7,  9,  1 1,  Sec. 
and  thereby  make  the  rings  which  appear  by  re- 
flection. And  this  alternate  reflection  and  tranf- 
miffion  continues  for  a great  number  of  viciflitudes, 
and  by  other  obfervations,  which  for  the  fake  of 
brevity  are  omitted,  for  many  thoufands,  being 
propagated  from  one  furface  of  a glafs-plate  to  die 
other,  though  the  thicknefs  of  the  plate  be  a quar- 
ter of  an  inch  or  above  : lb  that  this  alternation 
feems  to  be  propagated  from  every  refracting  fur- 
face  to  all  diftances  without  end  or  limitation. 
And  becaufe  tiie  ray  is  difpofed  to  reflection  at  the 
thickneffes  1,  3,  5,  7,  Sec.  and  to  tranfmiflion  at 
the  thickneffes  o,  2,  4,  6,  8,  Sec.  for  its  tranf- 
mifiion  through  the  firit  furface  is  at  the  diltance 

0,  and  it  is  tranfmitted  through  both  together,  if 
their  diffance  be  infinitely  little,  or  much  Id's  than 

1,  the  dilpofition  to  be  tranfmitted  at  the  diftances 

2,  4,  6,  8,  Sec.  is  to  be  accounted  a return  of  the 
fame  dilpofition  which  the  ray  flrft  had  at  the  dif- 
tance  o,  that  is,  at  its  tranfmiflion  through  the  flrft 
refraCling  furface. 

This  alternate  reflection  and  tranfmiflion  depends 
on  both  the  ftirfaces  of  every  thin  plate,  becaufe 
it  depends  on  their  diltance.  For  if  either  fur- 
face of  a thin  plate  of  Mofcovy-glafs  be  wetted, 
the  colours  grow  faint  (285,  o) : it  mult  therefore 
depend  upon  both. 


It 
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It  is  therefore  performed  at  the  fecond  furface ; v 
for  if  it  were  performed  at  the  firft,  before  the  rays 
arrive  at  the  fecond,  it  would  not  depend  on  the 
fecond. 

It  is  alfo  influenced  by  fome  a&ion  or  difpofi-  v 
tion,  propagated  from  the  firft  to  the  fecond,  be- 
caufe  otherwife  at  the  fecond  it  would  not  depend 
upon  the  firft.  And  this  aCtion  or  difpofition,  in 
its  propagation,  intermits  and  returns  by  equal  in-  . 
tervals,  becaufe  in  all  its  progrefs  it  inclines  the 
ray  at  one  diftance  from  the  firft  furface  to  be  re- 
flected by  the  fecond,  at  another  to  be  tranfmitted 
by  it,  and  that,  by  equal  intervals,  for  innumerable 
yiciffitudes. 

The  returns  of  the  difpofition  of  any  ray  to  be  vr 
reflected  are  termed  its  fits  of  eafy  reflection,  and 
thofe  of  its  difpofition  to  be  tranfmitted  its  fits  of 
eafy  tranfmifllon , and  the  Jpace  it  pafles  through 
between  every  return,  and  the  next  return,  the  in- 
terval of  its  fits. 

Thus,  letCDFE  (fig;  83.)  reprefent  a tranfpa-  x 
rent  medium,  fuppofe  water,  upon  which  the  ray 
ab  is  incident  at  a point  in  the  upper  furface 
o,  o.  Draw  the  line  i,  i * and  let  the  interval  be- 
tween it  and  o,  o be  every  where  equal  to  the  dif- 
tance between  the  two  furfaces  of  the  plate  of  water, 
deferibed  in  the  laft  chapter  (283,  f),  when  the 
firft  ring  of  colour  is  reflected.  Then,  if  the  in- 
ferior furface  of  the  medium  were  at  1,  1,  the  ray 
would  be  reflected  upon  the  fame  principle  as  the 
ring  of  colour,  and  therefore  at  1,  1 it  is  in  a fit 
Vol,  I.  U of 
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of  cafy  retleftion.  Draw  the  parallel  2,  2 at  the 
lame  diftance  from  i,  i>  and  the  diftance  between 
o,  o,  and  2,  2 will  be  that  thicknefs  at  which  in  the 
before-mentioned  plate  the  firft  ring  of  colour  is 
tranfmitted : the  ray  would  therefore  be  tranfmitted 
if  the  inferior  fdrface  were  at  2,  2,  and  confe- 
quently  it  is  there  in  a fit  of  eafy  tranfmiflion.  At 
3,  3 it  is  again  in  a fit  of  eafy  refleftion,  and  by 
applying  the  fame  argument  to  the  equidiftant 
lines  4,  4i  5,  5;  6,  6*  7>  7;  8,  8;  it  will  ap- 
pear that  the  ray  will  be  alternately  difpofed  to 
tranfmiflion  and  reflexion ; and  if  the  laft  parallel 
or  the  inferior  furface  be  diftant  from  the  fuperior 
furface  o,  o,  by  an  even  number  of  intervals,  the 
ray  will  arrive  there  in  a fit  of  eafy  tranfmiflion  and 
emerge  ; but  if  the  number  be  odd,  it  will  arrive 
in  a fit  of  eafy  refleftion,  and  return  back  into  the 
medium.  The  diftance  between  the  lines  o,  o and 
2,  2j  2,  2 and  4,  4,  &c.  are  the  intervals  of 
the  fits  of  eafy  tranfmiflion,  and  the  diftances  be- 
tween i,  i and  3>  3 i 3>  3 anc^  5>  5>  &-c'  are  ^ie 
intervals  of  the  fits  of  eafy  reflexion, 
y What  kind  of  aft  ion  or  difpofition  this  may  be, 
whether  it  confift  in  a circulating  or  a vibrating 
motion  of  the  ray  or  of  the  medium,  or  fome- 
thing  elfe,  experiments  are  wanting  to  determine. 
But  the  fafts  are  not  the  lefs  true  on  account  ot 
our  ignorance  ot  the  mode  of  their  origin.  1 hat 
truly  great  man,  to  whole  penetration  and  induftry 
we  are  indebted  for  almoft  all  the  knowledge  we 

have  of  the  phyfical  properties  of  light,  has,  with 

great 
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great  modefty,  propofed  an  hypothefis  for  the  fo- 
lution  of  thefe  appearances.  It  is  not  without  its 
difficulties,  and  muft  therefore  be  received  with  the 
fame  caution  as  it  was  propofed,  till  experiment 
ffiall  either  confirm  it,  or  fubftitute  another  theory' 
In  its  place. 

Sir  Ifaac  Newton’s  Hypothefis.  It  may  be  fup-  z 
pofed,  that  as  ftones  by  filling  into  water  put  the 
water  into  an  undulating  motion,  and  all  bodies 
by  percuffion  excite  vibrations  in  the  air ; fo  the 
rays  of  light,  by  impinging  on  any  refradting  or 
reflecting  furface,  excite  vibrations  in  the  refradting 
or  reflecting  medium  or  fubftance,  and  by  ex- 
citing them,  agitate  the  folid  parts  of  the  refract- 
ing or  reflecting  body,  and  by  agitating  them, 
caufe  the  body  to  grow  warm  or  hotj  that  the 
vibrations  thus  excited  are  propagated  in  the  re- 
fradting  or  refledting  medium  or  fubftance  much 
after  the  manner  that  vibrations  are  propagated  in 
the  air  for  caufing  found,  and  move  fafter  than 
the  rays,  fo  as  to  overtake  them ; and  that  when 
any  ray  is  in  that  part  of  the  vibration  which  con- 
spires with  its  motion,  it  eafily  breaks  through  a 
refracting  furface,  but  when  it  is  in  the  contrary 
part  of  the  vibration  which  impedes  its  motion,  it 
is  eafily  refledted  ; and,  by  confequence,  that  every 
ray  is  fucceffively  difpofed  to  be  eafily  refledted 
or  eafily  tranfmitted  by  every  vibration  which  over- 
takes it. 
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»F  TH5  PERMANENT  COLOURS  O?  NATURAL 
BODIES,  AND  THE  ANALOGY  BETWEEN  THEM 
and  the  colours  of  thin  transparent 

PLATES. 

A TT  has  already  been  Ibewn  (271,  e),  that  the 
1 colours  of  natural  bodies  confift  in  a chfpo  1- 
tion  to  reflect  the  rays  of  one  fort  of  light  more 
copioufly  than  the  reft.  But  their  conft.tut.on, 
whereby  they  reflea  fome  rays  more  copioufly  than 

others,  remains  to  be  difclofed. 
s Thofe  fuperficies  of  tranfparent  bodies  reflea 
the  greateft  quantity  of  light,  which  have  the 
created:  refraAing  power ; that  is,  which  inter- 
cede mediums  that  differ  moft  in  their  refraftive 
denfities.  And  in  the  confines  of  equally  refracting 

mediums  there  is  no  refledion. 
c The  analogy  between  reflection  and  reiraction 
will  appear  by  conf.dering  that  the  moft  refrac- 
tive mediums  totally  reflea  the  rays  of  light 
at  lefs  angles  of  incidence,  as  was  before  (hewn 
(270,  a).  But  the  truth  of  the  propofition  wiU 
further  appear  by  obferving,  that  in  the  common 
fuperficies  of  two  tranfparent  mediums,  the  reflec- 
tion is  ftronger  or  weaker,  accordingly  as  the  fu 
perficies  hath  a greater  or  lefs  refraaive  power. 
If  any  tranfparent  folid  be  immerged  in  water. 
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its  reflection  becomes  much  weaker  than  before, 
and  ftill  weaker  if  immerged  in  a fluid  whole  re- 
fracting power  is  yet  Itronger  than  that  of  water. 

If  water  be  diftinguifhed  into  two  parts  by  an  ima- 
ginary furface,  the  reflection  in  the  confine  of  thole 
two  parts  is  none  at  all.  In  the  confine  of  water 
and  ice  it  is  very  little ; in  that  of  water  and  oil 
fomething  greater  ; in  that  of  water  and  fal-gemm 
ftill  greater ; and  in  that  of  water  and  glafs,  or 
cryftal,  or  other  denfer  fubftances  ftill  greater,  ac- 
cordingly as  thofe  mediums  differ  more  or  lefs  in 
their  refraCtive  powers.  The  reafon  then  why  uni-  o 
form  pellucid  mediums,  as  water,  glafs  or  cryftal, 
have  no  fen  Able  reflection,  but  at  their  external  fu- 
perficies,  where  they  are  adjacent  to  other  medi- 
ums of  a different  denfity,  is  that  all  their  con- 
tiguous parts  have  one  and  the  lame  degree  of 
denfity. 

The  leaft  parts  of  almoft  all  natural  bodies,  are  £ 
in  fome  meafure  tranfparent : and  the  opacity  of 
bodies  arifes  from  the  multitude  of  reflections  caufed 
in  their  internal  parts. 

This  may  be  eaflly  feen  by  viewing  fmall  fub-  f 
ftances  with  the  microfcope  or  magnifying  glafs, 
for  they  appear  for  the  moft  part  tranfparent.  And 
it  may  alfo  be  tried  by  means  of  the  light  received 
through  a hole  into  a dark  chamber.  For  any  fub- 
ftance,  how  opake  l'oever,  if  it  be  reduced  to  a 
fufficient  thinnefs,  and  applied  to  the  hole,  will 
appear  manifeftly  tranfparent.  Only  white  metal- 
line bodies  muft  be  excepted,  which,  by  reafon  of 
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their  very  great  denfity,  feem  to  reflect  almoft  ail 
the  light  incident  on  their  firft  fuperficies,  unlefs 
by  folution  in  menftruums,  they  be  reduced  into 
very  fmall  particles,  and  then  they  alfo  become 
tranfparent. 

Between  the  parts  of  opake  or  coloured  bodies 
are  many  fpaces,  either  empty  or  replenilhed  with 
mediums  of  other  denfities ; as  water  between  the 
tinging  corpufcles  with  which  any  liquor  is  im- 
pregnated, air  between  the  aqueous  globules  that 
conftitute  clouds  and  mills  ; and  for  the  moft  part, 
fpaces  void  both  of  air  and  water,  but  yet,  per- 
haps, not  void  of  all  fubftance,  between  the  parts 
of  hard  bodies. 

The  truth  of  this  is  evinced  by  the  two  prece- 
dent proportions  (f,  g)  : for,  by  the  fecond,  there 
are  many  reflections  made  by  the  internal  parts 
of  bodies,  which  would  not  happen  if  the  parts 
of  thofe  bodies  were  continued  without  any  fuch 
interftices  between  them;  becaufe  reflections  are 
only  made  in  fuperficies  which  intercede  mediums 
of  different  denfities  (293,  D.) 

A yet  farther  proof  that  the  opacity  of  bodies 
arifes  from  this  difeontinuation  of  their  parts  may 
be  had,  by  confldering  that  opake  fubftances  be- 
come tranfparent,  by  filling  their  pores  with  any 
fubftance  of  an  equal  or  nearly  equal  denfity  with 
their  parts.  Thus,  paper  dipped  in  water  or  oil, 
the  ccuius  mundi  ftone  fteeped  in  water,  linen 
cloth  oiled  or  varnifhed,  and  many  other  fubftances 
foaked  in  ftich  liquors  as  will  intimately  prevade 
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their  pores,  become  by  that  means  more  tranfparent 
than  otherwife  ; fo,  on  the  contrary,  the  moft  tranf- 
parent fubftances  may,  by  evacuating  their  pores, 
or  feparating  their  parts,  be  rendered  Efficiently 
opake,  as  falts,  or  wet  paper,  or  the  oculus  mundi 
ftone,  by  being  dried}  horn,  by  being  fc raped ; 
glafs,  by  being  reduced  to  powder,  or  otherwife 
flawed;  turpentine,  by  being  ftirred  about  with 
water  till  they  mix  imperfeCtly  } and  water,  by  be- 
ing formed  into  many  fmall  bubbles,  either  alone 
indie  form  of  froth,  or  by  ffiaking  it  together  with 
oil  of  turpentine,  or  fome  other  convenient  liquor 
with  which  it  will  not  perfectly  incorporate. 

The  parts  of  bodies  and  their  interfaces  mull  not  c 
be  lefs  than  fome  definite  bignefs,  to  render  them 
opake  and  coloured. 

For  the  opakeft  bodies,  if  their  parts  be  fubtilely  d 
divided,  as  metals,  by  being  diflolved  in  acid  men- 
ftruums,  &c.  become  perfectly  tranfparent.  And 
it  may  alfo  be  remembered,  that  the  black  fpot 
near  the  point  of  contact  of  the  two  plates  ■.>{ 
glafs  being  of  fome  confiderable  breadth,  tranl-  ^ 
mitted  the  whole  light  where  the  glaffes  did  not 
abfolutely  touch  (281,  y.)  And  the  reflection  at 
the  thinneft  part  of  the  foap-bubble  was  fo  infenfible 
as  to  make  that  part  appear  intenfely  black,  by  the 

want  of  reflected  light  (284,  1.) 

On  thefe  grounds  it  is,  that  water,  fait,  gla  s, 
{tones,  and  fuch  like  fubftances,  are  tranfparent.  For 
on  many  confiderations  they  feem  to  be  as'  full  of 
pores  or  interftices  between  their  parts  as  other  bodies 
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are,  but  yet  their  parts  and  interfaces  to 'be  too 
fmall  to  caufe  reflection  in  their  common  furfaces. 

? The  tranfparent  parts  of  bodies,  according  to 
their  feveral  fizes,  muft  reflect  rays  of  one  colour, 
and  tranfmit  thofe  of  another,  on  the  fame  ground 
that  thin  plates  or  bubbles  do  reflect  or  tranfmit 
thofe  rays.  And  this  appears  to  be  the  ground  of 
all  their  colours. 

g For  if  a thin  body  or  plate,  which,  being  of  an 
even  thicknefs,  appears  all  over  of  one  uniform 
colour,  fliould  be  flit  into  threads,  or  broken  into 
fragments  of  the  fame  thicknefs  with  the  plate;  there 
is  no  reafon  why  every  thread  or  fragment  fhoujd 
not  keep  its  colour,  and  by  confeqyence,  why  a 
heap  of  thofe  threads  or  fragments  fliould  not  con- 
fatute  a mafs  or  powder  of  the  fame  colour  which 
the  plate  exhibited  before  it  was  broken.  And  die 
parts  of  all  bodies  being  like  lo  many  fragments  of 
a plate,  mull  on  the  fame  grounds  exhibit  the  fame 
colours. 

& Now,  that  they  do  fb,  will  appear  by  the  affinity 
pf  their  properties.  The  finely  coloured  feathers 
of  lbme  birds,  and  particularly  thofe  of  peacocks 
tails,  do  in  the  very  fame  part  of  the  feather  appear 
of  feveral  colours  in  feveral  poffaons  of  the  eye. 
Likewife  the  fine-lpun  webs  of  fome  fpiders  appear 
coloured  ; and  the  fibres  of  fome  filks,  by  varying 
the  pofition  of  the  eye,  do  vary  their  colours.  Alfo 
the  colours  pf  filks,  cloths,  and  other  fubflances 
which  liquids  can  eafily  penetrate,  become  more 
flint  by  being  wetted,  much  after  the  manner  pf  the 
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plate  of  Mofeovy  glafs,  and  recover  their  vigour 
Again  by  being  dried. 

The  air  reflects  the  blue  rays  moft  plentifully,  | 
and  muft  therefore  tranfmit  the  red,  orange,  and  yel- 
low more  copioufly  than  the  other  rays.  If  the  light 
of  the  fetting-fun,  by  palling  through  a long 
iraCt  of  air,  be  divefted  of  the  more  reflexible  rays, 
the  green,  blue  indigo,  and  violet,  the  remainder, 
which  is  tranfmitted,  will  illuminate  the  weftern 
clouds  with  an  orange  colour;  and  as  the  Sun  fets 
more  and  more,  the  traCt  of  air  through  which  the 
rays  muft  pafs  becomes  longer,  the  yellow  and 
orange  are  reflected,  and  the  clouds  grow  more 
deeply  red,  till  at  length  the  difappearance  of  the 
Sun  leaves  them  of  a leaden  hue  by  the  reflection 
of  the  blue  light  from  the  air.  A fimilar  change  of 
colour  is  obferved  on  the  fnowy  tops  of  the  Alps  in 
Switzerland,  and  the  lame  may  be  feen,  though 
lefs  ftrongly,  on  the  eaftern  and  weftern  fronts  of 
jyhite  buildings  j St,  Pagl’s  Church  at  London  is  a 
good  objeCt  of  this  kind,  and  is  often  at  fun-let 
tinged  with  a confiderable  degree  of  rednefs.  The 
fame  caufe  like  wife  occafions  the  Moon  in  an  eclipfe 
to  affiime  a ruddy  colour  by  the  light  tranfmitted 
through  the  atmofphere  (i  56,  n,  o.) 

The  parts  of  bodies,  on  which  their  colours  de-  k 
pend,  are  denfer  than  the  medium  which  pervades 
their  interftice*. 

For  if  they  were  not,  the  variation  of  colour,  ^ 
arifing  from  the  various  obliquities  of  the  incident 
light,  (283,  e.  285,  k)  would  compound  amixtand 
imperfect  colour,  auu  never  fo  vivid  as  experience 
l evinces. 
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evinces.  But  when  the  parts  are  much  denfer  than 
the  ambient  medium,  this  variation  is  not  fo  confi- 
derable  ; and  therefore,  the  rays  which  are  reflected 
lead  obliquely  may  predominate  over  the  reft,  fo 
much  as  to  caufe  a heap  of  fuch  particles  to  appear 
very  intenfely  of  their  colour. 

m And  hence  the  magnitude  of  the  component 
parts  of  natural  bodies  may  be  conjectured  by  their 
colours. 

n For,  fince  the  parts  of  thefe  bodies  are  of  about 
the  fame  denfity  as  water  or  glafs,  as  by  many  cir- 
cumftances  is  obvious  to  colleCt,  it  is  highly  pro- 
bable that  they  exhibit  the  fame  colours  with  a plate 
of  equal  thicknefs.  That  colour  being  known,  the 
thicknefs  may  be  eafily  found  by  the  preceding 
obfervations. 


CHAP.  IX. 

OF  THE  INFLECTIONS  OF  THE  RAYS  OF  LIGHT  WHICH 
PASS  IN  THE  VICINITIES  OF  BODIES. 

o T T is  obfervable,  that  if  a beam  of  the  Sun’s  light 
JL  be  let  into  a dark  room  through  a very  fmall 
hole,  the  fhadows  of  things  in  this  light  will  be 
larger  than  they  ought  to  be  if  the  rays  went  on 
by  the  bodies  in  ftrait  lines,  and  that  thefe  fhadows 
have  three  parallel  fringes,  bands,  or  ranks  of  colours 
adjacent  to  them.  The  principal  circumftances  of 
the  phenomenon  are  as  follow  : 
r If  a beam  of  the  Sun’s  light  be  admitted  into  a 
darkened  chamber  through  a hole  of  the  breadth 
1 of 
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of  the  forty-fecond  part  of  an  inch,  or  thereabouts, 
the  fhadows  of  hairs,  thread,  ftraws,  and  other  fmall 
bodies,  appear  confiderably  broader  than  they 
would  be  if  the  light  paffed  by  them  in  ftrait  lines. 
For  example;  a hair,  whofe  breadth  was  the  280th 
part  of  an  inch,  being  held  in  this  light  at  the  dis- 
tance of  about  twelve  feet  from  the  hole,  did  caft  a 
fhadow  which,  at  the  diftance  of  four  inches  from 
the  hair,  was  the  fixtieth  part  of  an  inch  broad, 
that  is,  above  four  times  broader  than  the  hair; 

• and  at  the  diftance  of  ten  feet,  was  the  eighth  part 
of  an  inch  broad,  that  is,  thirty-five  times  broader. 

Nor  is  the  effect  altered  by  an  alteration  in  the 
denfity  of  the  medium  contiguous  to  the  hair,  for 
its  fhadow  at  like  diftances  was  equal,  whether  it 
was  in  the  open  air,  or  inclofed  between  two  plates 
of  wet  glafs,  care  being  had  that  the  incidence  and 
emergence  of  the  ray  was  perpendicular  to  the 
glafles.  Scratches  on  the  furface  or  veins  in  the 
body  of  polifhed  glafles  did  alfo  caft  the  like  broad 
fhadows.  And  therefore  the  great  breadth  of  thefe 
fhadows  muft  proceed  from  fome  other  caufe  than 
the  ufual  refraction  which  might  arife  from  any 
action  of  the  ambient  medium. 

Let  the  circle  x (fig.  84.)  reprefent  the  middle  r 
of  the  hair ; ado,  b e h,  c f i,  three  rays  pafling 
by  one  fide  of  the  hair  at  feveral  diftances  ; knq_, 
lor,  m p s,  three  other  rays  pafling  by  the  other 
fide  of  the  hair  at  the  like  diftances  ; d,  e,  f,  and 
n,  o,  p,  the  places  where  the  rays  are  bent  in 
their  paflage  by  the  hair;  c,  h,  i,  and  q^,  r,  s, 

the 
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the  places  where  the  rays  fall  on  a paper,  o i * 
the  breadth  of  the  fhadow  of  the  hair  call  on  the 
paper;  and  ti,  vs,  two  rays  which  fall  on  the 
points  i and  s,  without  being  at  all  defleded  by  the 
adion  of  the  hair.  Then  it  is  manifeft,  that  all  the 
rays  between  t i and  v s are  bent  in  palling  by  the 
hair,  and  turned  afide  from  the  fhadow  i s,  becaufea 
If  any  part  of  the  light  were  not  bent  it  would  fall 
within  the  fhadow,  and  there  illuminate  the  paper, 
contrary  to  experience.  And  becaufe,  when  the 
paper  is  at  a great  diftance  from  the  hair,  the  lha~ 
dow  is  broad,  and  therefore  the  rays  t i and  v s 
are  at  a great  diftance  from  each  other,  it  follows 
that  the  hair  ads  upon  the  rays  of  light  at  a con- 
fiderable  diftance  in  their  palling  by  it.  But  be- 
caule  the  fhadow  of  the  hair  is  much  broader  in 
proportion  to  the  diftance  of  the  paper  from  die 
hair  when  the  paper  is  nearer  to  the  hair  than  when 
it  is  at  a great  diftance  from  it,  it  is  evident  that  the 
adion  is  ftronger  on  the  rays  which  pafs  by  at  leaft 
diftances,  and  grows  weaker  and  weaker  accord- 
ingly as  the  rays  pafs  by  at  diftances  greater  and 
greater,  as  is  reprefented  in  the  fcheme. 

The  fhadows  of  all  bodies  in  this  light  are  bor- 
dered with  three  parallel  fringes  or  bands  of  coloured 
light,  of  which  that  contiguous  to  the  fhadow  is 
broadeft  and  moft  luminous,  and  that  moft  remote 
from  it  is  narroweft,  and  fo  faint  as  fcarcely  to  be 
yifible.  If  the  light  be  received  very  obliquely  on 
paper,  or  any  other  fmooth  white  body,  the  colours 
may  be  plainly  diftinguifned  in  this  order,  yiz.  the 
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firft  or  innermod  fringe  is  violet,  and  deep  blue  next 
the  fhadow,  and  then  light  blue,  green  and  yellow 
in  the  middle,  and  red  without.  The  fecond  fringe 
is  almod  contiguous  to  the  fird,  and  the  third  to  the 
fecond,  and  both  are  blue  within,  and  yellow  and  red 
without,  but  their  colours  are  very  faint,  efpecially 
thofe  of  the  third.  The  colours  therefore  proceed 
in  this  order  from  the  fhadow,  violet,  indigo,  pal$ 
blue,  green,  yellow,  red  j blue,  yellow,  red  j pale 
blue,  pale  yellow,  and  red. 

If  a larger  beam  of  the  Sun’s  light  be  admitted  T 
into  a dark  chamber,  and  part  of  it  received  on  the 
blade  of  a fliarp  knife,  whofe  plane  interfedts  the 
diredtion  of  the  beam  at  right  angles,  while  the 
other  part  is  fuffered  to  pafs  by  the  edge  of  the 
knife,  and  received  on  a paper  at  the  didance  of 
about  three  feet  ; this  laft  light  will  appear  to  fhoot 
out  or  fend  forth  two  faint  luminous  dreams  both 
ways  into  die  fhadow,  fomewhat  like  the  tails  of 
comets.  Thefe  dreams  being  very  faint,  are  fo 
much  obfeured  by  the  light  of  the  principal  diredfc 
rays,  that  it  is  necedary,  in  order  to  fee  them  with 
any  degree  of  didindtnefs,  to  let  the  diredt  rays  pafs 
through  a hole  in  the  paper  on  to  a piece  of  black 
cloth.  The  light  of  the  dreams  is  then  perceptible 
on  the  paper  to  the  didance  of  fix  or  eight  inches 
jfrom  the  Sun’s  diredt  light  each  way,  and  in  all  the 
progrefs  from  that  diredt  light  decreafes  gradually 
till  it  becomes  infenfible. 

If  two  knife-blades,  with  drait  edges,  be  fo  u 

fixed  or  fet  in  a frame,  that  they  may  both  be 

fituated 
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fituated  in  the  fame  plane,  their  edges  parallel,  and 
facing  each  other,  and  one  of  the  blades  moveable 
towards  or  from  the  other  by  means  of  a lcrew,  fo 
that  their  parallelifm  may  be  always  preferved,  a 
beam  of  light  may  be  buffered  to  pafs  between 
their  edges,  and  the  appearances  are  the  following : 
when  the  knives  are  at  a confiderable  diftance,  fo 
that  the  intromitted  beam  is  broad,  the  ftreams  of 
light  which  Ihoot  both  ways  into  the  fhadow  are 
fcarce  vifible,  for  the  reafon  already  mentioned, 
and  the  edges  of  the  fhadows  are  not  bordered  with 
coloured  fringes,  they  becoming  fo  broad  that  they 
run  into  each  other,  and  by  joining,  form  one  conti- 
nued light  or  whitenefs  at  the  beginning  of  the 
ftreams.  As  the  knives  approach  each  other  the 
fringes  of  colour  appear  on  the  confine  of  each 
fhadow,  becoming  diftin&er  and  larger  until  they 
vanilh,  which  happens  when  the  edges  are  diftant 
fomewhat  more  than  the  400th  part  of  an  inch. 
After  the  fringes  have  difappeared,  the  line  of  light, 
which  was  in  the  middle  between  them,  grows  very 
broad,  enlarging  itfelf  both  ways  into  the  ftreams 
of  light  afore-mentioned  j and  when  the  knives  are 
diftant  above  the  400th  part  of  an  inch,  the  light 
parts  in  the  middle,  and  leaves  a ftiadow  between 
the  two  parts.  And  as  the  knives  ftill  approach 
each  other,  the  fhadow  grows  broader,  and  the 
ftreams  fhorter  at  their  inward  ends,  which  are  con- 
tiguous to  the  fhadow,  till  upon  the  contact  of  the 

knives 
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knives  the  whole  light  vanifhes,  leaving  its  place 
to  the  fhadow  *. 

From  thefe  and  fome  other  experiments  of  die 
fame  tendency,  it  may  be  inferred, 

That  all  bodies  ad  upon  the  particles  of  light  v 
attracting  them  when  within  a certain  diftance,  and 
at  greater  diftances  repelling  them ; for  the  tyro 
comet-like  ftreams  feem  to  be  produced,  the  one 
by  an  attractive  power  exerted,  by  which  the  light 
is  thrown  into  the  fhadow  of  the  knife,  and  the 
other  by  a repulfion,  by  which  it  is  turned  towards 
the  contrary  part  or  region. 

That  thefe  aCtions  are  ftronger  on  thofe  rays  w 
which  pafs  nearer  the  body  than  on  thofe  which 
pafs  at  greater  diftances  : confequently  thofe  rays 
which  were  parallel  before  their  arrival  in  the  vici- 
nity of  the  body  being  varioully  defieCled,  muft, 
after  palling,  diverge  from  each  other;  and,  at  the 
limit  or  diftance  at  which  attraction  ceafes,  and 
repulfion  begins,  there  muft  be  a place  at  which  the 
pafling  rays  being  very  little  affeCted  by  the  aCtion 
of  the  body,  will  proceed  parallel,  as  before  their 
arrival  in  its  vicinity. 

That  this  limitation  or  diftance  may  differ  in  x 
rays  of  different  colours,  and  caufe  the  appearance 

* The  experiments  of  Newton  cn  the  inflexion  of  light 
are  few,  and  imperfeft.  Thofe  who  have  followed  him  in 
this  delicate  and  highly  important  department  of  Natural 
Philo'fophy,  have  done  little  more  than  add  fome  infulated  fa&s 
to  thofe  obferved  by  him.  The  law  followed  by  the  powers 
that  inileft  light,  and  the  limits  of  its  aclien,  are  yet  unknown. 

of 
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of  fringes : for,  if  the  limit  be  lefs  in  the  violet 
rays  than  in  the  red  rays,  the  parallel  rays  of  th« 
violet  colour  will  form  a fringe,  which  fhall  be 
nearer  the  ftiadow  of  the  body  than  that  which 
is  formed  by  the  parallel  rays  of  the  red  colour : 
and  fo  of  the  intermediate  colours  will  be  formed 
intermediate  fringes.  It  mult,  however,  be  con- 
feffed,  that  this  fuppofition  does  not  account  for  the 
repetition  of  the  fame  colour  at  different  diftances.- 


CHAP.  & 

OF  THE  POWERS  BY  WHICH  BODIES  REFLECT  OR 
REFRACT  THE  RAYS  OF  LIGHT.' 

y rpHE  reflexion  of  light  is  not  caiffed  by  its 
JL  impinging  or  ftriking  on  the  lolid  parts  of 

bodies. 

2 This  will  appear  by  the  following  confiderations, 
Firft,  That  in  the  paffage  of  light  out  of  glafs  into 
air,  there  is  a refledtion  as  ftrong  as  in  its  paffage 
out  of  air  into  glafs,  or  rather  a little  ftronger,  and 
by  many  degrees  ftronger  than  in  its  paffage  out  of 
glafs  into  water.  And  it  feems  not  probable,  that 
air  fhould  have  more  refledting  parts  than  water  or 
glafs.  But  if  that  fhould  poffibly  be  fuppofed, 
a yet  it  will  avail  nothing  ; for  the  refteftion1  is  as 
ftrong,  or  ftronger,  when  the  air  is  drawn  away  from 
the  glafs,  as  when  it  is  adjacent  to  it.  Secondly,  If 
light  in  its  paffage  out  of  glafs  into  air  be  incident 
more  obliquely  (2 70,  a)  than  at  an  angle  of  4°  °r 
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41  degrees*  it  is  wholly  reflefted;  if  lefs  obliquely, 
it  is  in  a great  meafure  tranfmitted.  Now,  it  is  not 
to  be  imagined  that  light,  at  one  degree  of  obli- 
quity, Ihould  meet  with  pores  enough  in  the  air  to 
tranfmit  the  greater  part  of  it,  and  at  another  degree 
of  obliquity,  fliould  meet  with  nothing  but  parts  to 
reflect  it  wholly ; efpecially  confidering  that  in  its 
paffage  out  of  air  into  glafs,  how  oblique  foever 
be  its  incidence,  it  finds  pores  enough  in  the  glafs 
to  tranfmit  the  greateft  part  of  it.  If  any  one  fup- 
pofe  that  it  is  not  refleeted  by  the  air,  but  by  the 
outmoft  fuperficial  parts  of  the  glafs,  there  is  ftill 
the  fame  difficulty  : befides,  that  fuch  a fuppofition 
is  unintelligible,  and  will  alfo  appear  to  be  falfe, 
by  applying  water  behind  fome  part  of  the  glafs 
inftead  of  air.  For  fo  in  a convenient  obliquity  of 
the  rays,  fuppofe  of  45  or  46  degrees,  at  which  they 
are  all  reflected  where  the  air  is  adjacent  to  the 
glafs,  they  ffiall  be  in  great  meafure  tranfmitted 
where  the  water  is  adjacent  to  it;  which  argues 
that  their  reflection  depends  on  the  conftitution  of 
the  air  and  water  behind  the  glafs,  and  not  in  the 
ftriking  of  the  rays  upon  the  parts  of  the  glafs. 
Thirdly,  If  the  colours  made  by  a prifm  placed  at 
the  entrance  of  a beam  of  light  into  • a darkened 
room  be  fucceffively  call;  on  a fecond  prifm  (27 1,  c) 
placed  at  a diftance  from  the  former,  in  fuch  man- 
ner that  they  are  all  alike  incident  upon  it,  the  fecond 
prifm  may  be  fo  inclined  to  the  incident  rays,  that 
thole  which  are  of  a blue  colour  ffiall  be  all  re- 
flected by  it,  and  yet  thofe  of  a red  colour  pretty 
Vot'i  I.  X copioufly 
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copioufly  tranfmitted.  Now,  if  the  refledion  be 
caufed  by  the  parts  of  air  or  glafs,  it  may  be  de- 
manded why,,  at  the  fame  obliquity  ot  incidence, 
the  blue  fhould  wholly  impinge  on  thole  parts,  fo 
as  to  be  all  refleded,  and  yet  the  red  find  pores 
enough  to  be  in  great  meafure  tranfmitted.  Fourth- 
ly, Where  two  glalTes  touch  one  another  there  is  no 
fenfible  refledion  (281,  y)  and  yet  no  reafon  can 
be  given  why  the  rays  fhould  not  impinge  on  the 
parts  of  the  glafs  as  much  when  contiguous  to 
other  glafs  as  when  contiguous  to  air.  Fifthly, 
When  the  top  of  a foap  water  bubble,  by  the  con- 
tinual fubfiding  and  exhaling  of  the  water,  becomes 
very  thin,  there  is  fuch  a little  and  almoft  infen- 
fible  quantity  of  light  refleded  from  it,  that  it 
appears  intenfely  black  (284,  1)  ; whereas,  round 
about  that  black  fpot,  where  the  water  is  thicker, 
the  refledion  is  fo  ftrong  as  to  make  the  water 
feem  very  white.  Nor  is  it  only  at  the  lead  thick- 
nefs of  thin  plates  or  bubbles,  that  there  is  no 
manifefl  refledion,  but  at  many  other  thicknefles 
continually  greater  and  greater.  For  we  have  feen 
that  the  rays  of  the  fame  colour  are  by  turns 
tranfmitted  at  one  thicknefs,  and  refleded  at  an- 
other thicknefs  for  an  indeterminate  number  of 
fucceffions.  And  yet,  in  the  fuperfleies  of  the 
thin  body,  where  it  is  of  any  one  thicknefs,  there 
are  as  many  parts  for  the  rays  to  impinge  on  as 
where  it  is  of  any  other  thicknefs.  Sixthly,  If 
refledion  were  caufed  by  the  parts  of  refleding 
bodies,  it  would  be  impoflible  for  thin  plates  or 

bubbles 
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bubbles  at  the  fame  place  to  refleft  the  rays  of 
one  colour,  and  tranfmit  thofe  of  another.  For  it 
is  not  to  be  imagined,  that  at  one  place  the  rays 
which,  for  inftance,  exhibit  a blue  colour,  fhould 
accidentally  flrike  upon  the  parts,  and  thofe  which 
exhibit  a red  upon  the  pores,  of  the  body ; and  then 
at  another  place,  where  the  body  is  either  a little 
thicker  or  a little  thinner,  that  on  the  contrary,  the 
blue  fhould  hit  upon  its  pores,  and  the  red  upon  its 
parts.  Laftly, Were  the  rays  of  light  reflected  by  im-  c 
pinging  on  the  folid  parts  of  bodies,  their  refle&ons 
from  polifhed  bodies  could  not  be  fo  regular  as  they 
are.  For  in  polilhing  glafs  with  fand,  putty,  or 
tripoly,  it  is  not  to  be  imagined  that  thofe  fub-- 
ftances  can,  by  grating  and  fretting  the  glafs,  bring 
all  its  lead  particles  to  an  accurate  poliih,  fo  that 
all  their  furfaces  fhall  be  truly  plane  or  truly  fphe- 
rical,  and  look  all  the  fame  way,  fo  as  together  to 
compofe  one  even  furface.  The  fmaller  the  par- 
ticles of  thofe  fubflances  are,  the  fmaller  will  be 
the  fcratches  by  which  they  continually  fret  and 
wear  away  the  glafs  until  it  be  polifhed ; but  be 
they  ever  fo  fmall,  they  can  wear  away  the  glafs  no 
otherwife  than  by  grating  and  fcratching  it,  and 
breaking  the  protuberances,  and  therefore  poliih  it 
no  otherwife  than  by  bringing  its  roughnefs  to  a 
very  fine  grain,  fo  that  the  fcratches  and  bettings 
of  the  furface  become  too  fmall  to  be  vifible.  And 
therefore,  if  light  were  reflected  by  impinging  upon 
the  folid  parts  of  the  glafs,  it  would  be  fcattered 
as  much  and  as  irregularly  by  the  moll  polifhed 
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glafs  as  by  the  rougheft.  So  that  it  remains  a pro* 
blemj  how  glafs  pol-ifhed  by  fretting  fubftances  can 
reflect  light  fo  regularly  as  it  does.  And  this  problem 
is  fcarce  otherwife  to  be  folved  than  by  faying,  that 
the  reflection  of  a ray  is  effected  not  by  a Angle 
point  of  the  reflecting  body,  but  by  fome  power 
of  the  body  which  is  evenly  diffufed  all  over  its 
furface,  and  by  which  it  aCts  upon  the  ray  without 
immediate  contact : for  that  the  parts  of  bodies  do 
aCt  upon-  light  at  a diftance,  has  already  been 
fhewn  (301,  t,  u). 

3 Now,  if  light  be  reflected,  not  by  impinging 
on  the  folid  parts  of  bodies,  but  by  fome  other 
principle,  it  is  probable  that  as  many  of  its  rays  as 
impinge  on  the  folid  parts  of  bodies  are  not  re- 
flected^ but  ftifled  or  loft  in  the  bodies.  For 
©therwiie,.  we  muft  allow  two  forts  of  reflections. 
Should  all  the  rays  be  reflected  which  impinge  on 
the  folid-  parts  of  clear  water  or  cryftal,  thofe  fub- 
ftances would  father  have  a cloudy  colour  than  a 
clear  tranfparency.  To  make  bodies  look  black, 
in  all  portions,  it  is  neeeffary  that  many  rays  be 
{topped,  retained,  and  loft  in  them  and  it  is 
difficult  to  conceive  that  any  rays  can  be  ftopt 
and  ftifled  in  them  which  do  not  impinge  on  their 

parts. 

E Bodies  refleCt  and  ref raft  light  by  one  and  the 
fame  power,  varioufly  exercifed  in  various  circum- 

itances. 

This  appears  by  feveral  confiderations.  Firft, 

Beeaufe  when  light  goes  out  of  glafs  into  air  as 

obliquely 
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obliquely  as  it  can  poflibly  do,  if  its  incidence  be 
made  ftill  more  oblique,  it  becomes  totally  reflected 
(270,  a.)  For  the  power  of  the  glafs,  after  it  ha^ 
refracted  the  light  as  obliquely  as  is  poflible,  if  the 
incidence  be  fti-ll  made  more  oblique,  becomes  too 
ftrong  to  let  any  of  its  rays  go  through,  and  by 
confequence  caufes  total  reflection.  Secondly,  Be- 
caufe  light  is  alternately  reflected  and  tranfmitted 
by  thin  plates  of  glafs  for  many  fucceftions  (285,  l) 
accordingly  as  the  thicknefs  of  the  plate  increafes  in 
an  arithmetical  progreflion.  For  here  the  thicknefs 
of  the  glafs  determines  whether  that  power  by  which 
glafs  aCts  upon  light  ftiall  caufe  it  to  be  reflected, 
or  fuflfer  it  to  be  tranfmitted.  And  thirdly,  Becaufe 
thofe  furfaces  of  tranfparent  bodies  which  have  the 
gr^ateft  refraCting  power  do  alfo  reflect  the  greateft 
quantity  of  light  (292,  b,  c.) 

The  power  by  which  bodies  refieCt  and  refraCt  f 
light,  is  the  fame  as  was  Ihewn  to  be  common  to  all 
bodies,  and  the  caufe  of  the  inflection  of  the  rays 
of  light  palling  in  their  vicinities  (3°3j  u)*  ^or 
we  muft  admit  no  more  caules  than  are  true,  and 
fufficient  to  explain  the  phenomena  (6,  1.)  Such 
a caufe  is  this  ; its  exiftence  being  proved,  and  its 
adequacy  to  the  explanation  of  the  reflection  and 
refraCtion  of  light  eafy  to  be  fhewn. 

Let  cd,  (fig.  85.)  reprefent  the  furface  of  a C 
tranfparent  body  a,  contiguous  either  to  a vacuum 
b,  or  other  medium  poflefling  a lefs  power  of  reflect- 
ing or  refraCting  the  rays  of  light.  Let  e f repre- 
fent an  imaginary  furface  at  fugh  a diftance  from 
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cd  as  to  be  fituated  at  die  limit  of  attraction, 
(303,  w)  that  is  to  fay,  the  fpace  between  e f and 
c d is  that  in  which,  if  a ray  of  light  pals,  it  will 
be  attraaed  by  die  denfe  body  a,  and  on  the  other 
fide  towards  b,  near  the  line  e f,  a ray  of  light  will 
be  repelled. 

Suppofe  now  gh  to  be  a ray  of  light  palling 
within  the  rare  medium  b,  obliquely  towards  the 
furface  c d,  and  let  the  line  or  part  k h denote  its 
velocity.  This  motion  may  (23,  t)  be  relblved 
into  k 1 parallel,  and  1 h perpendicular  to  c d. 
.The  attraction  or  repulfion  exerted  by  the  neareft 
parts  of  the  body  a (and  the  other  parts  may  be 
negleded)  or  by  thofe  in  the  furface  c d,  mull  be 
affumed  to  aid;  in  the  perpendicular  to  that  fur- 
face, becaufe  no  realbn  can  be  given  why  it  fhould 
aid:  towards  one  fide  more  than  another.  It  will 
therefore  alter  only  the  motion  1 h without  affed- 
ing  k 1.  When  the  light  approaches  e f it  will  be 
repelled ; and  if  the  force  of  repulfion  in  arriving 
at  e f be  greater  than  would  generate  the  momen- 
tum 1 h,  this  laft  motion  will  be  entirely  deftroyed 
before  the  light  can  arrive  at  the  imaginary  fur- 
face. The  aidion  of  the  repulfion,  after  it  has 
deftroyed  1 h,  will,  whatever  may  be  its  law,  pro- 
duce an  equal  velocity  in  the  oppofite  diredion. 
Confequently  the  ray  will  defcribe  a motion  com- 
pounded of  hi  and  il  (equal  to  ki)  and  in  the 
fame  diredion ; that  is,  it  will  pafs  through  the  line 
11  l,  making  the  angle  of  refledion  1 h l equal  to  the 
angle  of  incidence  1 h k (262,  y). 
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Again,  fuppofe  mn  to  be  a ray  of  light  pafTing  i 
■within  the  rare  medium  b,  which  either  by  the 
more  direct  courfe  towards  the  furface  or  otherwife 
has  the  perpendicular  part  o n of  its  motion  too 
great  to  be  deftroyed  by  the  repulfion  experienced 
in  approaching  ef.  It  will  pafs  that  imaginary 
furface,  fuffering  only  a diminution  of  its  velocity 
eftimated  in  the  perpendicular  on.  While  it  goes 
forward  towards  c d,  its  velocity  in  the  perpendi- 
cular will  be  continually  augmented  by  the  attrac- 
tive force  ; and  if  the  whole  accelerating  force  ex- 
ceed the  whole  retarding  force,  as  in  this  cafe  ex- 
perience fhews  it  does,  the  light  will  enter  and 
proceed  in  the  denfe  body  with  a velocity  in  the 
perpendicular  <^s,  greater  than  it  had  before  in 
o n ; the  parallel  velocity  p o or  s r ftill  continue 
ing  the  fame.  The  ray  qjt  will  for  this  reafon 
make  a lefs  angle  sojt  with  the  perpendicular 
than  before,  inflead  of  continuing  in  the  line  n u ; 
that  is,  it  will  be  refracted  towards  the  perpendi- 
cular by  entering  the  denfe  body  (26 2,  a). 

Again,  fuppofe  Vw  to  be  a ray  of  light  patting  k. 
within  the  denfe  body  a,  obliquely  towards  the 
furface  cd.  Refolve  the  motion  reprefented  by 
yw  into  yx  and  xw,  the  firlt  parallel,  and  the  latter 
perpendicular  to  cd.  The  ray  will  pafs  out  of 
the  denfe  body  into  the  fpace  between  e f and  c d ; 
where,  if  the  force  of  attraction  towards  cd  on  a 
ray  during  its  paftage  to  ef  be  greater  than  the 
momentum  x w in  the  contrary  direction,  this  laft 
motion  will  be  entirely  deftroyed  before  the  light 
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can  arrive  at  the  imaginary  furface.  Whence  it 
follows,  that  for  reafons  fimilar  to  thofe  ufed  in 
fpeaking  of  the  ray  ch  (310,  h),  the  ray  v w will  be 
again  returned  towards  c d,  with  a velocity  equal 
and  contrary  to  x w,  which,  together  with  x z,  the 
continuation  of  the  uniform  and  unaltered  velocity 
v x,  will  compound  the  actual  motion  w z,  making 
the  angle  of  refle&ion  xv/z  equal  to  the  angle  of 
incidence  xwy  (262,  y). 

l Laftly,  fuppofe  TO_to  be  a ray  of  light  palling 
within  the  denfe  body  a,  which  either  by  the  more 
direct  courle  towards  the  furface,  or  otherwife,  has 
the  perpendicular  part  s o_of  its  motion  too  great 
to  be  deftroyed  by  the  attraction  experienced  in  its 
P adage  to  ef.  It  will  pafs  that  imaginary  furface, 
..differing  only  a diminution  of  its  velocity  eftimated 
in  the  perpendicular  s When  it  has  gone  be- 
yond ef,  its  velocity  in  the  perpendicular  will  be 
continually  augmented  by  the  repuldve  force;  and 
if  the  whole  accelerating  force  be  lels  than  the  whole 
retarding  force,  as  in  this  cafe  experience  Ihews  it  is, 
the  light  will  enter,  and  proceed  in,  the  rare  me- 
dium with  a velocity  in  the  perpendicular  n o,  lefs 
than  it  had  before  in  sq^;  the  parallel  velocity  rs 
or  op  dill  continuing  the  fame.  The  ray  np  will 
for  this  reafon  make  a greater  angle  onp  with  the 
perpendicular  than  before ; that  is,  it  will  be  re- 
fradfed  from  the  perpendicular  by  entering  the  rare 
medium  (262,  z,  a). 

m From  thefe  confiderations  it  is  deduced  alfo, 
that  the  rays  of  light  are  not  refradled  or  r(*fle£ted 

all 
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41  ©nee,  but  in  refraftiom  bent,  into  a curve 
hy  the  aftion  of  the  body,  fo  as  to  enter  the  fur  face 
of  any  medium.  more  or  lets.  directly  than  they  others 
■wife  would  haye  done,  i.i  its  denfity  had  conti- 
nued the  fame  through  the  whole  courfe  of  the 
rays.  And.  in  reflexion,  that  the  force  a&ing  in 
the  direction  of  the  perpendicular  to  the  furface 
of  a body,  does  not  deftroy  the  motion  of  the 
ra«y  all  at  once,  but  bends  it  back  in  a curve. 
Which  force,  when  it  has  deftroyed  that  part  of 
die  motion  of  the  ray  which  tended  perpendicularly 
towards  the  common  furface  of  the  adjacent  me- 
diums, mufjt  reftett  the  ray  with  an  equal  angle 
and  degree  of  velocity  on  the  oppofite  fide  of  the 
perpendicular  to  the  point  of  incidence,  or  vertex 
of  the  curve,  This  is  evident  from  what  has  al-  n 
ready  been  faid  on.  the  competition  and  refolution 
of  motion  (23,  t),  and  may,  perhaps,  without 
entering  into  particular  explanations,  be  more  readily 
' conceived  by  attending  to  the  motions  of  bodies 
projected  obliquely  from  the  Earth’s  furface  for 
here  the  afeending  or  perpendicular  part  of  the  mo- 
tion is  gradually  deftroyed  by  the  continually  act- 
ing force,  and  a new,  ftmilar,  and  equal  motion  is 
generated  in  the  contrary  direction,  which,  ab~ 
ftrafting  the  effect  of  the  air’s  refiftance,  caufcs 
the  body  to  fall  under  an  equal  angle,  and  with 
the  fame  velocity. 

If  the  forces  of  bodies  upon  the  particles  ol  o 
light  be  fuppofed  to  aft  equally  after  the  latio  of 

the  maffes  of  the  particles,  the  rays  will  be  all 

equally 
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equally  refrafted  or  reflected,  however  different 
p their  maffes,  provided  their  velocities  be  equal. 
If  the  fame  law  of  the  forces  be  fuppofed,  and  the 
velocities  of  the  particles  be  various,  thofe  which 
move  with  lefs  velocities  will  fuffer  a Greater  de- 
fle&ion  than  thofe  which  move  with  greater  velo- 
cities. The  varying  refrangibility  and  reflexibility 
of  the  rays  of  light  muff  arife  either  from  the  va- 
rious velocities  of  the  particles  themfelves,  or  from 
the  aftion  of  bodies  on  the  particles  being  ftronger 
on  fome  than  on  others,  after  the  ratio  of  their 
maffes.  If  the  various  velocities  were  the  caufe,  the 
moons  of  Jupiter,  after  being  eclipfed,  ought  to 
appear  illuminated  with  a variety  of  colours,  in 
fucceflion,  as  the  velocities  of  their  conftituent 
rays  caufed  them  refpeftively  to  arrive  at  the  eye 
of  the  obferver : and  when  light  is  difperfed,  by 
refraftion,  into  its  component  colours,  the  quan- 
tity of  this  difperfion  ought  in  every  medium 
to  be  equal  at  equal  mean  refraftions  of  the 
whole  ray  : both  which  are  contrary  to  experience. 
R Whence  it  follows,  in  order  to  produce  the  va- 
riety of  refraftion  or  reflection  which  happens  in 
the  feveral  rays  of  light,  bodies  muff  aft  on  fome 
of  the  particles  of  light  more  ftrongly  than  upon 
others.,  after  the  ratio  of  their  maffes. 
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CHAP.  I. 


CONCERNING  THE  REFLECTION  AND  REFRAC- 
TION OF  LIGHT  BY  SURFACES  REGULARLY 

formed. 


BEFORE  the  difcoveries  of  Sir  Ifaac  Newton  a 
had  fhewn  the  compofition  of  white  lights  the 
fcience  of  optics  confifted  of  propofitions  in  which 
the  rays  of  light  were  always  fuppofed  to  be  equally 
refrangible  or  reflexible.  And,  indeed,  though 
the  difperfion  of  light,  when  refrafted  into  its 
component  colours,  is  the  greateft  obftacle  to  the 
perfection  of  the  inftruments  now  made ; yet  on 
moll  occafions,  'with  refped  to  vifion,  we  may  re- 
gard a ray  of  white  light  as  Hill  continuing  white, 
even  after  refraftion.  For  the  colours  of  thefpec- 
trum  into  which  it  is  dilated,  are  fo  neai  e^cn 
other,  when  the  incidence  is  near  the  perpendicu- 
lar, that  to  fenfe  they  form  a white  very  little  dif- 
fering from  that  of  the  incident  ray.  But  in  itricl- 
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nels,  the  general  principles  of  optics  are  true  only 
of  any  fingle  kind  of  rays. 

c That  bodies  are  vifible  only  by  means  of  the 
light  which  they  emit  or  refled,  is  too  evident  to 
need  any  particular  proof;  and  that  every  point 
of  an  illuminated  furface  emits  the  rays  of  light 
in  all  diredions,  is  clear  from  the  vifibility  of  the 
furface,  to  an  eye  in  any  pofition  whatfoever : for 
if  any  part  or  fenfible  point  of  the  furface  did  not 
emit  light  in  a fuppofed  or  given  diredion,  that 
point,  to  an  eye  placed  in  that  diredion,  muft  be 
invifible.  But  this  effed  never  happens. 
d The  rays  which  proceed  from  a point  are  necef- 
farify  divergent,  but  if  they  fall  on  a refleding 
or  refrading  furface,  they  will  be  fcattered  in  fuch 
diredions  as  the  conftrudion  of  the  furface  pro- 
E duces.  If  the  furface  be  properly  formed,  the 
whole  beam  of  rays  may  proceed,  after  refledion 
or  refradion,  either  diverging  from  fome  other 
point,  or  parallel,  or  converging  to  a point. 
f When  the  rays  which  are  emitted  or  proceed 
from  any  point  are  confidered,  that  point  is  called 
p the  radiant  point ; when  the  rays  which  proceed  to 
any  point  are  confidered,  that  point  is  called  the 
h focus ; and  when  the  rays  which  proceed  from  a 
whole  furface  or  objed,  are  confidered,  the  body 
of  rays  which  is  emitted  from  any  one  point,  or 
as  much  of  it  as  is  applied  to  ufe,  is  called  a 
pencil  of  rays. 

1 Since  a pencil  of  rays,  emanating  from  any 
given  point  of  fpace,  is  the  means  by  which  the 
2 fight 
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fight  affures  us,  that  a body  exifts  at  or  in  that 
point,  it  is  plain  that  we  are  liable  to  deception 
in  that  refped : for  if  the  pencil  be  fo  affeded, 
either  by  refledion  or  refradion,  as  to  proceed 
with  a different  divergency  or  direction,  that  is, 
in  the  fame  manner  as  it  would  have  proceeded  if 
emitted  from  fome  other  point  of  fpace,  the  fenfe 
will  refer  the  place  of  the  objed  to  the  point 
which  is  in  the  diredion  of  the  laft  courfe  of  the 
rays  (263,  c). 

Thus,  if  MR  (fig-  86.)  reprefent  the  fedion  of  ft 
a plane  mirror,  and  o b an  objed,  then  the  pen- 
cils o c and  b d being  refteded  at  c and  d,  will 
proceed  to  the  eye  at  e,  in  the  fame  manner  as  if 
emitted  from  points  fituated  at  1 and  M,  and  the 
feme  happening  to  the  pencils  which  are  emitted 
from  the  intermediate  points  between  o and  ®,  the 
fenfe  will  refer  the  place  of  the  objed  to  1 m.  The 
feme  happens  by  refradion,  as  is  clear  from  the 

confideration  of  fig.  73*  (2^3>  E)' 

If  a pencil  of  rays  be  rendered  convergent,  fo  l 

as  to  meet  and  crofs  each  other  in  a point,  they  will 
afterwards  diverge,  and  the  fenfe  will  refer  the 
place  of  the  radiant  point  or  objed  to  the  focus 
of  the  convergent  rays,  from  which  the  divergence 
was  laft  made ; and,  that  rays  of  any  fort  may  be . 
rendered  thus  convergent,  either  by  refledion.  or 

refradion,  is  eafily  Ihewn. 

Suppofe  r (fig.  87-)  to  be  a point,  in  any  il*  M 

luminated  or  luminous  objed,  which  emits  a pen- 
cil confifting  of  feven  rays  of  light,  ra,  rs,  rc. 
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rd,  re,  RF,  rg;  let  the  ray  ra  be  received  on 
a fpeculum,  fo  placed  as  to  refled:  it  through  the 
point  s : let  another  fpeculum  be  adapted  to  re- 
ceive and  reflect  r b alfo  through  s ; and,  in  like 
manner,  let  the  other  rays  be  reflected  through  the 
fame  point ; and  the  point  s will  become  a radiant 
point,  by  means  of  the  divergent  rays,  and  will 
affed:  the  fenfe  in  the  fame  manner  as  if  the  rays 
actually  flowed  from  a body  placed  there.  If 
the  fpeculums  be  fuppofed  to  touch  each  other, 
they  will  form  a polygonal  concavity.  Suppofe 
now  the  number  of  rays,  inftead  of  feven,  to  be 
infinite ; then  the  adapted  reflecting  furface  a g, 
inftead  of  polygonal,  muft  become  curve,  by  rea- 
fon  of  the  infinite  number  of  fides.  The  fame 
reafoning  may  be  applied  to  rays,  which,  inftead 
of  being  emitted  from  a point,  or  diverging,  fall  on 
the  refleding  furface,  either  converging  to  a 
point,  or  parallel  to  each  other.  It  is  therefore 
poflible  to  conftrud  a fuperficies  that  fhall  refled: 
into  a focus  the  rays  of  light,  which,  either  by 
converging  or  diverging,  are  directed  either  to  or 
from  any  particular  point. 

v Upon  the  fame  principles  may  be  conftruded 
fpeculums,  which  fhall  caufe  the  rays,  after  reflec- 
tion, to  diverge  from  any  given  point  behind  the 
o refleding  furface.  Thofe  fpeculums,  which  caufe 
the  rays  to  become  more  divergent  muft  be  convex, 
' and  thofe  which  caufe  them  to  become  more  con- 
vergent muft  be  concave,  as  may  eafily  be  ima- 
gined. 


The 
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The  celebrated  Archimedes,  at  the  fiege  of  Sy-  p 
racufe,  is  faid  to  have  deftroyed  the  fhips  of  Mar- 
cellus,  by  a machine  compofed  of  fpeculums. 
Since  a plane  fpeculum,  in  theory,  reflects  all  the 
light  which  is  incident  upon  it,  under  the  fame 
affections  with  which  it  was  incident ; the  rays  of 
the  Sun,  which,  as  coming  from  a vaftly  diftant 
objeCt,  may  be  efteemed  parallel,  will  be  reflected 
parallel  to  each  other ; and  confequently  will  heat 
and  illuminate  any  fubftance  on  which  they  fall 
after  reflection,  in  the  fame  manner  as  if  the  Sun 
flione  direCtly  upon  it.  Two  fpeculums,  which 
reflect  the  Sun’s  light  on  the  fame  fubftance,  will 
heat  it  twice,  as  much  as  the  Sun’s  direCt  light. 
Three  will,  in  like  circumftances,  heat  it  three 
times  as  much.  And,  by  increafing  the  number 
of  fpeculums,  a prodigious,  degree  of  heat  may  be 
produced ; more  than  fufficient  to  confume  and  de- 
ftroy  any  inflammable  iubftance. 

Though  a plane  fpeculum  in  theory  is  fuppofed 
to  refleCt  all  the  light  which  fails  upon  it,  yet  in 
praCtice  almoft  half  the  light  is  loft,  on  account 
of  the  inaccuracy  of  the  polifh,  and  the  want  ot 
pcrfeCt  opacity  in  the  fubftance  of  the  mirror ; 
on  which  accounts  it  happens  that  a confiderable 
part  of  the  light  is  fcattered  in  all  directions, 
and  another  part  is  abforbed  by  the  body.  The 
indefatigable  Button,  in  the  year  i747>  was 
firft  of  the  moderns  who  conitruCted  a burning 
machine  of  this  kind.  It  confifted  of  168  quick- 

iilvered  glaffes  or  lpecula,  each  8 inches  long  and 
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6 broad,  fo  contrived,  that  the  focal  diftance  might 
be  varied,  and  alfo  the  number  of  gMes*  as  oc- 
cafions  required.  In  the  month  of  March,  1747, 
with  40  glades  he  burnt  a plank,  at  the  diftance 
of  about  70  feet. 

$ If  a body  of  rays,  which  either  proceeds  paraL 
lei,  or,  by  converging  or  diverging,  refpeds  a 
given  point,  fall  on  the  intercedent  furface  of  two 
mediums  of  different  refrading  powers,  the  rays 
may  be  fo  refraded,  if  the  furface  be  rightly  formed, 
as  to  proceed  parallel,  or  to  converge  to,  or  to 
diverge  from.,  fome  other  point. 

T Let  the  polygonal  furface  abcdefg  (fig.  88.) 
reprefent  the  furface  intercedent  between  two  me- 
diums, the  rarer  being  fituated  on  the  fide  towards 

r,  and  the  denfer  towards  s ; and  let  a pencil, 
compofed  of  feven  rays,  r a,  r b,  r c,  r d,  r e, 
r f,  r g,  be  incident,  each  ray  on  a different  plane, 
as  reprefen  ted  in  the  figure.  Suppofe  the  ray  r a 
to  be  received  on  the  furface  at  a,  with  an  angle 
of  incidence  that  correfponds  to  the  angle  of  re- 
fradion  which  defleds  the  ray  to  the  point  s.  And 
fuppofe  the  ray  a b to  be  received  lefs  obliquely, 
or  at  a certain  lefs  angle  of  incidence ; its  angle  of 
refradion  will  alfo  be  lefs,  and  it  will  proceed  to 

s.  And  let  a fimilar  adjuftment  of  the  planes  at 
c,  d,  &c.  be  fuppofed,  and  the  other  rays  will  be 
refraded  to  the  fame  point.  Or  if  s be  fuppofed 
the  radiant  point,  the  mediums  being  as  before, 

v the  focus  will  be  at  r.  It  is  therefore  plain,  that 
rays  proceeding  out  of  a rare  into  a denfe  medium> 

are 
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are  rendered  more  convergent  by  a convex  furface, 
and  rays,  proceeding  cut  of  a denfe  into  a rare 
medium,  are  rendered  more  convergent  by  a con- 
cave furface;  and  the  contrary.  Let  the  pencil 
confift  of  an  infinite  number  of  rays,  and  the 
polygonal  furface,  adapted  to  refrad  it  to  a point, 
will,  by  reafon  of  the  infinite  number  of  its  fides, 
become  a curve.  The  fame  argument  may  be 
applied  to  rays  that  are  either  convergent  or 
parallel  at  their  incidence  on  the  refrading  furface. 
Confequently,  the  intercedent  furface  of  two  me- 
diums may  be  fo  formed  as  to  refrad  into  a focus, 
or  render  parallel,  or  divergent  thofe  rays,  which, 
at  their  incidence  are  either  parallel,  or  do,  by 
converging  or  diverging,  refped  any  particulai 

point. 

From  the  eftabliffied  laws  of  refledion  and  re-  v 
fradion,  it  is  not  difficult  to  inveftigate  the  nature 
of  the  curves,  into  which  the  before-mentioned 
furfaces  ought  to  be  formed.  But  as  the  errors  w 
that  arife  from  the  ufe  of  fpherical  furfaces  are 
very  fmall,  and  may  be  remedied  by  other  means, 
and  the  mechanical  or  pradical  conftrudion  of  the 
required  curves  is  very  difficult,  the  parts  of  op- 
tical inftruments  are  commonly  formed  fpherical. 
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CHAP.  II. 

OF  DIOPTRICS  j OR  THE  REGULAR  REFRACTION 

OF  LIGHT. 

x /r~>LASS  being  a medium  denfer  and  more 
xJJ  refrafting  than  the  air,  is  uled  to  make  the 
tranfparent  parts  of  optical  inftruments  which  are 
conftrufted  to  aft  by  die  principle  of  refraftion. 
A piece  of  glafs  properly  figured  for  that  purpofe 
is  called  a lens,  and  is  diftinguifhed  by  the  nature 
of  its  furfaces : thus  a (fig.  89.)  is  a plano-convex, 
b a double  convex,  c a plano-concave,  d a double 
concave,  and  e a convex-concave, 
y The  two  firft  lenfes,  a and  b,  nearly  refemblc 
each  other  in  their  properties  ; for  they  refraft  con- 
verging or  parallel  rays  to  a point  or  focus,  and 
refraft  diverging  rays,  fo  as  either  to  make  them 
meet  in  a focus  or  proceed  lefs  divergent  than  be- 
z fore.  If  ab  (fig.  %i.)  reprefent  a double  convex 
lens,  and  r a radiant  point,  then  the  rays  which 
fall  on  the  lens  will  be  refrafted  to  f,  if  the  lens 
a be  of  the  requifite  convexity.  For  the  rays  that 
fall  on  the  convex  furface  acd  are  rendered  more 
convergent,  and  are  made  to  converge  ftill  more 
by  falling  on  the  concave  furface  adb  (320,  u). 
The  two  following  lenles,  c and  d (fig.  89.),  are 
referred  to  one  fpecies,  on  account  of  the  refem- 
blance  of  their  properties  ; for  they  render  the  in- 
cident rays  more  divergent  than  before,  and  there- 
fore 
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fore  caufe  diverging  or  parallel  rays  to  diverge  from 
an  imaginary  or  virtual  focus,  and  retract  con- 
verging rays,  fo  as  either  to  make  them  diverge 
from  an  imaginary  focus,  or  proceed  lefs  conver- 
gent than  before.  If  ab  (fig.  91-)  reprefent  a e 
double  concave  lens,  and  R a radiant  point,  then 
the  rays  which  fall  on  the  lens  will  be  rendered 
more  divergent,  and  will  proceed  as  if  they  had 
proceeded  from  the  point  f,  which  is  called  the 
virtual  focus.  The  fifth  lens  e refembles  a and  c 
b,  if  its  convexity  be  deeper,  or  a portion  of  a 
lefs  fphere  than  its  concavity:  but  if  the  con- 
cavity be  deepeft,  its  properties  refemble  thofe  of 

c and  d. 

In  the  four  firft  lenfes,  the  changes  made  in  the  © 
courfe  of  the  rays  are  more  confiderable  the  more 
the  furfaces  are  curved  ; but  in  the  laft  the  changes 
are  more  confiderable,  the  more  the  curvities  of  the 
two  furfaces  differ  from  each  other. 

A right  line,  as  rf  (fig.  90.)  paffing  through  S 
the  center  of  any  lens,  and  perpendicular  to 
both  its  furfaces,  is  called  the  axis  of  the  lens. 
The  focus  of  rays  that  refpeft  the  axis,  either  by 
falling  parallel  to  it,  or  diverging  from  or  converg- 
ing to  a point  fituated  in  it,  is  found  in  the  axis, 
and  is  called  the  principal  focus.  ♦ 

A right  line  drawn  from  the  point  of  convergence  s 

or  divergence  of  any  pencil  of  rays  incident  on  a 

lens,  through  the  center  of  the  lens,  will  pafs 

through  the  focus  of  that  pencil,  if  the  point  cf 

y 2 convergence 


CONCERNING  LENSES. 


3*4 

convergence  or  divergence  be  not  fituated  far  from 
the  axis. 

G The  rays  of  light  which  diverge  from  the  focus 
after  patting  through  a lens,  will  occafion  the  fenle 
to  refer  to  that  point,  as  if  occupied  by  a lucid 
objeft  (316,  1) ; the  focus,  therefore,  may  be  faid 
to  be  the  picture  or  image  of  the  radiant  point. 
And  as  a furface  may  be  conceived  to  be  com- 
pofed  of  an  indefinite  number  of  radiant  points, 
the  like  number  of  focal  points  will  appear,  and 
confequently  a furface  will  be  formed  that  will  be 

h the  image  of  the  radiant  furface.  Let  ob  (fig.  92.) 
reprefent  an  object,  and  l n a double  convex  lens ; 
from  o and  b through  c the  center,  draw  the  lines 
o c 1 and  b c m,  and  the  foci  of  the  points  o and 
b will  be  found  at  1 and  m in  thofe  lines  (323,  f), 
more  or  lefs  diftant  from  c,  as  the  curvity  of  the 
furfaces  of  the  glafs  is  lefs  or  greater.  The  foci 
of  the  radiant  points  fituated  between  o and  b will 
be  found  between  1 and  m,  by  the  fame  procefs. 
Confequently  an  image  will  be  there  formed,  refem- 
bling  the  objeft,  from  each  point  of  which  rays 
of  light  will  diverge  in  the  fame  manner  as  from 
a real  objeft ; and  its  pofition,  by  reafon  that  the 
rays  crofs  at  c,  will  be  inverted,  or  contrary  to 
1 the  object  itfelf,  as  appears  by  the  figure.  And 
becaufe  the  triangles  ocb  and  icm  are  fimilar, 
the  linear  magnitudes  of  the  image  and  the  objeft 
be  to  each  other  refpectively  as  their  diftances  from 
the  lens.  5 for. 

As 


j 


THE  BURNING  GLASS.  325 

As  the  fide  c o,  or  diftance  of  the  objact  from 
the  lens, 

Is  to  the  fide  ob,  or  length  of  the  objed. 

So  is  the  fide  c i,  or  diftance  of  the  image. 

To  the  fide  i m,  or  length  of  the  image. 

Again,  let  ob  (fig.  93.)  reprefent  an  objed,  k 
and  l n a double  concave  lens  ; draw  o c and  b c, 
and  the  virtual  foci  of  the  points  o and  b will  be 
found  at  1 and  m in  thofe  lines  (32.31  F)>  more  or 
lefs  diftant  from  c,  as  the  curvity  of  the  furfaces 
of  the  glafs  is  lefs  or  greater.  The  intermediate 
points  of  the  object  will  have  their  intermediate 
foci  between  1 and  m,  and  the  pofition  of  the  image 
will  be  ered  as  well  as  the  objed.  And  becaufe  l 
the  triangles  ocb  and  icm  are  fimilar,  the  linear 
magnitudes  of  the  objed  and  image  will  be  as 
their  diftances  from  the  lens. 

Hence  it  may  be  eafily  conceived,  how  convex  m 
lenfes  become  burning-glaftes.  For,  as  the  object 
and  image,  if  viewed  from  the  center  of  the  lens 
fubtend  the  fame  angle,  and  the  Sun  is  feen  under 
an  angle  of  about  half  a degree,  we  may  readily 
find  the  denfity  of  the  rays  which  form  its  image 
in  the  focus  of  any  lens.  For  example,  if  a lens,  n 
four  inches  broad,  colled  the  Sun’s  rays  into  a 
focus,  at  the  diftance  of  one  foot,  or  twelve  inches, 
the  image  will  not  be  more  than  A of  an  inch 
broad.  The  furface  of  this  little  circle,  theie- 
fore,  will  be  1600  times  lefs  than  the  furface  01 
the  lens,  and  confequently  the  Sun’s  l’ght  muu 
be  fo  many  times  denfer  within  that  circle.  No 
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wonder,  then,  that  it  burns  with  a degree  of 
violence  and  ardor  far  exceeding  that  of  any  cu- 
linary fire. 

o If  a paper  or  white  fubftance  be  held  in  the 
focus  of  a convex  lens,  the  feveral  foci  of  the  ra- 
diant points  of  objedts  fituated  on  the  other  fide 
of  the  lens  will  illuminate  as  many  points  on  the 
paper  j which  illuminated  points  agreeing  in  rela- 
tive fituation,  intenfity,  and  colour  with  thofe  of  the 
objedts  themfelves,  will  depidt  an  exact  and  lively 
perfpedtive  view  of  the  fame,  though  by  reafon 
of  the  eroding  of  the  rays,  it  will  be  inverted. 
JBut  this  phenomenon  is  fcarcely  to  be  feen,  if  any 
light  be  permitted  to  fall  on  the  paper  befides 
that  which  paffes  through  the  lens ; for  which 
purpofe  the  lens  may  be  fixed  in  the  window- 
fh utter  of  a darkened  chamber,  as  we  fhall  hayg 
occafion  to  remark  in  future. 
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C H A P.  HI. 

OF  THE  EYE;  AND  OF  VISION. 

IF  the  conftru&ion  of  the  univerfe  were  not  fo  r 
evident  a proof  of  the  exiftence  of  a fupremely 
wife  and  benevolent  Creator,  as  to  render  particular 
arguments  unneceffary,  (162,  a)  the  ftrudture  of  the 
eye  might  be  offered  as  one,  by  no  means  of  the  leaft. 
This  inftance,  among  numberlefs  others,  demon- 
ftrating  that  the  belt  performances  of  art  are  infi- 
nitely fho'rt  of  thofe  which  are  continually  produced 
by  the  divine  mechanic. 

Though  the  apparatus,  by  which  the  eye  is 
preferved  and  kept  in  a date  proper  for  the  quick 
motion  and  accurate  dire&ion  towards  the  objeft 
to  be  viewed,  is  well  worth  attention  and  remark; 
yet,  as  it  does  not  immediately  come  under  our 
notice  as  illuftrative  of  the  principles  of  optics,  we 
(hall  confider  only  the  globe  of  the  eye,  or  organ 
by  which  vifion  is  performed. 

The  eye  is  compofed  of  feveral  tunics  or  inte-  R 
guments,  one  within  the  other,  and  is  filled  with- 
in with  tranfparent  humors  of  different  refra&ive 
denfities.  The  external  tunic  called  the  fclerotica, 
is  white  on  the  anterior  part,  except  a circular  por- 
tion immediately  in  front,  which  is  tranfparent, 
and  more  convex  than  the  reft  of  the  eye  : this 
tranfparent  part  is  called  the  cornea.  Immediately 
adherent  to  the  fclerotica  within,  is  the  choroides, 
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or  uvea,  which,  the  circumference  of  the  cornea, 
becomes  the  iiis,  being  expanded  over  great  part 
of  its  furface,  though  not  contiguous  to  it.  The 
iris  is  compofed  of  two  kinds  of  mufcular  fibres  ; 
the  one  fort  tend  like  the  radii  of  a circle  towards 
its  center,  and  the  others  form  a number  of  con- 
centric circles  round  the  fame  center.  The  central 
part  of  the  iris  is  perforated,  and  the  orifice,  which 
is  called  the  pupil,  is  of  no  conftant  magnitude; 
for,  when  a very  luminous  object  is  viewed,  the 
circular  fibres  of  the  iris  contract,  and  diminifh  its 
orifice  ; and  on  the  other  hand,  when  objects  are 
dark  and  obfeure,  the  radial  fibres  of  the  iris  con- 
trad,  and  enlarge  the  pupil  fo  as  to  admit  a greater 
quantity  of  light  into  the  eye.  The  iris  is  varioufly 
coloured  in  different  perfons,  but  according  to  no 
certain  rule : in  general,  they  whofe  hair  and  com- 
plexion are  light  coloured,  have  the  iris  blue  or 
grey ; and  on  the  contrary,  thofe  whofe  hair  and 
complexion  are  dark,  have  the  iris  of  a deep  brown. 
But  what  fpecific  difference  this  may  occafion  in 
the  fenfe,  or  whether  any  at  all,  is  not  difcoverable. 
Within  the  uvea  is  another  membrane,  which  at 
the  circumference  of  the  cornea  becomes  fibrous, 
and  is  called  the  ligamentum  ciliare.  This  liga- 
ment is  attached  to  the  circumference  of  a double 
convex  lens,  whofe  axis  correfponds  with  the  center 
of  the  pupil;  and  which,  by  means  of  the  fibres, 
can  be  altered  in  a fmall  degree  in  pofition,  and 
perhaps  in  figure.  The  lens  is  termed  the  cryftal- 
line  humor  3 and  is  included  in  a very  flrong  and 

tranf- 
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tranfparent  membrane,  called  die  arachnoides. 
Between  the  cryftaljine  humor  and  the  cornea  is 
contained  a clear  tranfparent  fluid,  called  the  aque- 
ous humor  j and  between  the  cryftalline  humor 
and  the  pofterior  part  or  bottom  of  the  eye  is  in- 
cluded another  clear  tranfparent  fluid,  which  is 
termed  the  vitreous  humor.  The  refra&ive  denfity 
of  the  cryftalline  is  greater  than  thofe  of  the  hu- 
mors that  furround  it.  On  the  fide  next  to  the 
nofe  a nerve  is  inferted  in  the  bottom  of  each  eye, 
about  twenty-five  degrees  from  the  axis  of  the 
cryftalline,  which,  after  entering  the  eye,  is  fpread 
into  an  exceeding  fine  coat  of  network,  termed  the 
retina.  Laftly ; a very  black  mucus  or  Dime  is 
fpread  over  all  the  internal  parts  of  the  eye,  that 
are  not  tranfparent,  except  the  anterior  part  of  the 
iris,  which,  as  before  obferved,  is  coloured. 

In  the  figure,  the  three  concentric  circles  abc  s 
(fig.  94.)  reprefent  the  coats  of  the  eye.  The 
external  coat,  or  fclerotica,  is  tranfparent,  and  more 
convex  between  a and  b,  a k b being  the  cornea. 
The  fecond  tunic,  or  uvea,  is  fibrous  between  d 
and  1,  and  between  g and  h,  and  is  the  recalled  the 
iris ; the  hole  1 h is  the  pupil.  The  third  coat  be- 
comes fibrous  between  d and  e,  and  between  g and 
f,  being  there  called  the  ligamentum  ciliare,  and 
is  attached  to  the  circumference  of  the  lens  or 
cryftalline  humor  e f.  The  cavity  or  chamber 
a e f b is  filled  with  the  aqueous  humor,  and  the 
chamber  d n g f e is  filled  with  the  vitreous  humor . 
At  n is  inferted  the  optic  nerve,  the  expanfion  of 

which. 
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which,  over  the  internal  furface  dng,  is  the 
retina. 

t The  manner  in  which  the  eye  ads  upon  the 
rays  of  light  may  be  thus  explained.  Let  o l re_ 
prefent  an  objed,  and  fuppofe  a pencil  of  light  to 
proceed  from  o,  and  enter  the  eye ; then,  becaufe 
the  cornea  is  a convex  coftcave  lens,  whofe  con- 
vexity is  greatest,  (323,  c)  the  rays  will  be  rendered 
more  convergent  in  palling  through  it  -y  and  if  the 
crystalline  be  properly  formed,  they  will  be  re- 
fraded  by  it  into  a focus  at  c on  the  retina.  The 
fame  will  happen  to  the  pencil  which  proceeds 
from  l , whofe  focus  will  be  m ; and  the  foci  of 
the  intermediate  points  will  be  between  m and  c : 
confequently  an  inverted  pidure  or  image  will  be 
formed  on  the  retina,  and  fenfation  be  produced 
by  the  adion  of  the  light  on  the  expanfion  of  the 
optic  nerve,  which  from  thence  is  conveyed  to  the 
u fenforium.  And  that  the  parts  of  the  eye  are  adapted 
to  produce  fuch  an  image,  appears  likewife  from 
experiment : for  if  the  tunica  fclerotica  be  care- 
fully taken  away  from  the  back  of  the  eye  of  any 
animal,  the  inverted  pidure  of  external  objeds 
may  be  feen  on  the  thin  membranes  which  remain. 
Neidier  is  the  inverfion  of  the  image  any  obstacle 
to  the  mind’s  conceiving  that  the  objed  is  ered ; 
for  a focus  at  m may  be  confidered  as  the  indica- 
tion of  the  exigence  of  a radiant  point  at  l,  and  a 
focus  at  c may  indicate  the  existence  of  a radiant 
point  at  o y and  fo  of  others,  the  mind  contem- 
v plating  the  objed  itfelf,  and  not  the  image  -y  befides 
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which,  we  have  notions  refpefting  pofition  that 
are  not  derived  from  the  fight,  whence  we  judge 
whether-  a wall  is  perpendicular  or  a plane  level, 
&c.  Thefe  notions  are  derived  from  a perception 
of  the  direction  in  which  gravity  conftantly  afts ; 
to  which  direction  we  always  refer.  Whence  it 
happens,  that  though  the  pofition  of  the  eye  be  ever 
fo  much  changed,  the  idea  of  the  pofition  of  objefts 
in  view  remains  unaltered.  For  example ; if  an  w 
obferver  view  an  upright  pole  or  ftaff,  the  image 
of  the  pole  on  the  retina  will  be  in  a line  at  right 
angles  to  the  opening  of  the  eyelids,  provided  he 
holds  his  head  upright ; but  if  he  vary  the  pofition 
of  his  head,  the  image  will  be  formed  in  a different 
pofition,  and  upon  a different  part  of  the  retina: 
notwithftanding  which,  he  conftantly  imagines  the 
pole  to  be  ereft  and  unaltered. 

Becaufe  the  foci  of  rays  that  differ  in  divergence  x 
are  found  at  different  diftances  from  the  lens,  thole 
which  diverge  lefs  coming  to  a focus  fooner  than 
thofe  which  diverge  more,  it  is  neceffary  that  the 
eye  fiiould  be  adapted  fo  as  to  aft  upon  the  rays 
that  arrive  from  points  at  various  diftances,  and 
to  bring  them  to  a focus  upon  the  retina.  The 
natural  ftrufture  of  the  eye  is  fuch,  that  parallel 
rays  have  their  focus  on  the  retina ; and  when  the 
proximity  of  any  objeft  caufes  its  rays  to  fall  with 
a greater  divergency,  the  pupil  of  the  eye  contracts 
and  excludes  the  moft  divergent  rays,  at  the  fame 
time  that  the  cryftalline  is  brought  forward,  and 
perhaps  rendered  more  convex  by  means  of  the 
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ligamentum  ciliare,  by  which  provifions  the  focus 

v (till  falls  on  the  retina.  This  adjuftment  of  the 
eye  to  the  diftances  of  objefts  gives  the  reafon  why 
we  cannot  view  a near  and  a diftant  object  at  the 
fame  time  j for,  if  a hair  be  held  at  a few  inches 
diftance  between  the  eye  and  a remote  objedt,  fup- 
pofe  a tree  at  half  a mile  diftance,  the  tree  will 
appear  confufed  and  indiftindt  when  the  attention 
is  fixed  on  the  hair,  and  the  fame  will  be  the  cafe 
with  the  hair  when  the  attention  is  fixed  on  the 
diftant  tree. 

z There  are  fome  eyes  naturally  fo  defe&ive,  that 
they  cannot  effect  this  adjuftment.  Thofe  which 
are  replete  with  humors  have  the  cornea  and 
cryftalline  too  convex,  fo  that  the  pencils  come 
to  their  foci  before  their  arrival  at  the  retina, 
where  they  fall  in  fmall  circular  fpaces  inftead  of 
points,  and  by  their  interference  render  the  image 
confufed : on  the  other  hand,  if  the  humors  be 
deficient  in  quantity,  the  cornea  and  cryftalline  are 
too  flat,  and  the  pencils  of  rays  not  being  fuffi- 
ciently  refradted,  arrive  at  the  retina  before  their 
union  in  their  foci ; whence  arifes  the  fame  confu- 
fion  in  the  image  as  in  the  former  cafe.  T hey  whofe 
eyes  are  imperfedt  in  the  firft  manner  are  called 
myopes,  from  their  winking  or  clofing  their  eye- 
lids, but  more  commonly  near-fighted  becaufe  they 
fee  very  near  objedts  diftindtly,  the  divergency  of 
the  rays  caufing  their  foci  to  fall  on  the  retina. 
They  whofe  eyes  are  too  flat  are  called  prefbytae, 
becaufe  the  imperfedtion  of  the  fight  of  old  men 
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being  occafioned  by  a decay  of  the  humors,  is  ge- 
nerally of  this  kind.  Both  thefe  imperfeaions  may 
in  a great  ineaiure  be  remedied  by  the  ufe  of  pro- 
per fpe&acles.  Since  the  rays  converge  too  foon 
in  the  eyes  of  myopes,  it  is  plain  that  a concave 
lens  interpofed  between  the  objea  and  the  eye  will 
caufe  the  rays  to  fall  more  divergent,  and  confe- 
quently  will  prevent  their  converging  to  a focus 
before  their  arrival  at  the  retina.  And  the  rays 
may  be  made  to  converge  fooner  in  the  eyes  of 
prefbytae,  by  means  of  convex  fpeftacles,  fo  that 
they,  being  already  convergent  when  they  enter  the 
eye/ will  be  fufficiently  refrafted  by  the  cornea  and 
cryftalline  to  have  their  focus  on  the  retina,  and 
caufe  diftindt  vifion. 

Thefe  imperfeaions  are  much  more  frequently  a 
the  confequences  of  habit  than  is  generally  ima- 
gined. Studious  men  are  generally  near-fighted, 
whereas  failors,  fportfmen,  and  others,  who  are  ufed 
to  fix  their  attention  on  remote  objeas,  are  more 
lubjea  to  the  contrary  defea.  The  eyes  of  old  men 
have  another  defea,  namely,  rigidity,  or  a want  of 
the  power  of  adjuftment,  fo  that  it  often  happens 
that  they  require  concaves  for  diflant  and  convex 
lenfes  for  near  objeas,  being  capable  only  of  feeing 
objeas  diftinaiy  with  the  naked  eye  that  are  at 
a moderate  diftance.  Every  one  fhould  avoid  the 
ufe  of  fpeaacles  as  much  as  poflible.  For,  though 
they  render  vifion  more  diflina,  yet,  they  never 
fail  to  increafe  the  defea  of  the  eye,  fo  as  in  time 
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to  render  it  almoft  impofiible  to  fee  without  them 
with  any  degree  of  diftin&ncfs. 

% 

b The  eyes  of  various  animals  are  accommodated 
with  great  fkill  to  the  exigences  of  their  fituations. 
In  fillies  the  cornea  is  almoft  flat,  that  it  may  be 
no  obftacle  to  their  fpeed  in  the  water,  but  this 
is  compenfated  by  the  cryftalline,  which  is  fpherical, 
and  therefore  adapted  to  perform  the  whole  necef- 
fary  refra&ion  of  the  rays.  And  in  cats  and  fome 
other  animals  that  prey  in  the  dark,  the  pupil  of  the 
eye  is  fo  variable  as  to  admit  more  than  an  hun- 
dred times  the  quantity  of  light  at  one  time  than 
another.  The  human  eye  admits  more  than  ten 
times  the  quantity  of  light  at  one  time  than  at 
another,  and  perhaps  the  differences  may  be  much 
greater  in  very  dark  places : it  is  not  impoftible 
but  that  the  iris  may  be  then  almoft  intirely  drawn 
back,  and  the  pupil  expanded  to  the  whole  furface 
of  the  cornea. 
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CHAP.  IV. 

• 

•*F  REFRACTING  MICROSCOPES;  OR  THE  DIOPTRIC 
INSTRUMENTS,  BY  MEANS  OF  WHICH  SMALL 
AND  NEAR  OBJECTS  ARE  SEEN  MAGNIFIED. 

TH  E apparent  magnitude  of  any  objeeft  c 
is  meafured  by  the  angle  under  which  it 
js  viewed  by  the  eye ; confequently  the  apparent 
magnitudes  of  two  or  more  objects  may  be  the 
fame,  or  may  differ  in  any  proportion,  let  their 
real  magnitudes  be  what  they  will.  Thus,  the  ap- 
parent magnitudes,  of  c d,  f g,  and  h i (fig.  95.) 
are  equal  when  viewed  by  the  eye  at  e,  becaufe 
they  are  feen  under  the  fame  angle,  though  their 
real  magnitudes  are  very  different : and  the  appa- 
rent magnitude  of  ab  is  greater  than  thofe  of  the 
former  three,  becaufe  it  fubtends  a greater  angle, 
though  its  real  magnitude  is  equal  to  that  of  c d, 
and  lefs  than  thofe  of  fg  and  hi. 

The  image  of  any  obje£t  on  the  retina  will  be  d 
greater- or  lefs  in  proportion  to  its  apparent  mag- 
nitude and  therefore  the  fame  objeft  is  feen  more 
enlarged  and  diftinft  the  nearer  it  is  brought  to 
the  eye,  provided  its  diftance  be  fufficiently  great 
for  the  rays  to  fall  nearly  parallel  on  the  pupil : at 
lefs  diftances  it  continues  to  be  enlarged,  but  is 
confufed.  The  leaf:  diftance  is  about  fix  inches. 
The  eye  can  juft  diftinguifh  obje£ls  that  fubte  d 
an  angle  of  half  a minute  of  a degree,  in  which 
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cafe  the  image  on  the  retina  is  lels  than  the  yrrc'o 
part  of  an  inch  broad,  and  tne  object,  fuppofing 
it  fix  inches  diftant,  about  the  tto^  pait  of  an  inch 
broad.  And  all  fmaller  objeCts  are  invifible  to  the 
naked  eye. 

The  inftruments  by  which  thofe  fmaller  objeds 
are  rendered  vifible  are  called  microfcopes,  and  are 
conftruCted  in  two  different  methods.  The  one  is, 
by  the  interpofition  of  a convex  lens  between  tne 
objeft  and  the  eye,  to  render  it  diftinct  at  a lefs  dif- 
tance  than  fix  inches,  by  which  means  its  apparent 
magnitude  increafes  as  the  diftance  is  diminifhed: 
and  the  other  is,  by  placing  the  object  fo  with  re- 
fpe£t  to  a convex  lens  that  its  focal  image  may  be 
much  greater  than  itfelf,  and  contemplating  that 
image  inftead  of  the  objeCt.  The  firft  are  called 
fimple  or  fingle  microfcopes,  and  the  latter  com- 
pound or  double. 

Let  e y (fig.  96.)  reprefent  the  eye,  and  ob  a 
(mail  objeCt,  fituated  very  near,  fo  that  the  angle  of 
its  apparent  magnitude  ocb  may  be  large.  Then 
its  image  on  the  retina  1 m will  alfo  be  large ; but 
becaufe  the  pencils  of  rays  are  too  divergent  to  be 
collected  into  their  foci  on  the  retina,  it  will  be 
very  confufed  and  indiflinCt.  Let  the  convex  lens 
rs  (fig.  97.)  be  interpofed,  fo  that  the  diftance 
between  it  and  the  objeCt  may  be  equal  to  the  focal 
length  at  wjfich  parallel  rays  would  unite,  and  the 
rays  which  diverge  from  the  objeCt  and  pafs  through 
the  lens  will  afterwards  proceed,  and  confequently 
enter  the  eye,  parallel : they  will  therefore  unite, 
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and  form  a diftindt  image  on  the  retina,  and  the 
object  will  be  clearly  feen,  though  if  removed  to 
the  diftance  of  fix  inches,  its  fmallnefs  would  len- 
der it  invifible.  And  fince  the  apparent  magnitudes  o 
of  objects  that  fubtend  fmall  angles  are  neaily  in 
the  inverfe  proportion  of  their  diftances,  if  the  real 
magnitudes  be  equal j the  proportion  in  which  the 
objedt  is  magnified  will  be  as  fix  inches  to  its  uif- 
tance  from  the  eye.  Whence  it  follows,  that  the 
moft  convex  lenfes,  having  the  fhorteit  focal  diftance 
of  parallel  rays,  muft  magnify  the  moft  ; for  they 
permit  the  objedt  to  approach  nearer  the  eye  than 
thofe  do  which  are  flatter.  When  the  lens  is  not  H 
held  clofe  to  the  eye,  the  objedt  is  amplified  fome- 
what  more ; becaufe  the  pencils,  which  pafs  at  a 
diftance  from  the  center  of  the  lens,  are  refi  acted 
inwards  toward  the  axis,  and  confequently  feem  to 
conrte  from  points  more  remote  from  the  center  of 
the  objedt,  as  may  be  feen  in  fig.  98.  where  the 
pencils  which  are  emitted  from  o and  b,  aie  reft  acted 
inwards,  and  feem  to  come  from  the  points  i and  m. 

A drop  of  water  is  a microfcope  of  this  kind,  by  1 
reafon  of  its  convex  furface  ; for,  if  a fmall  hole  be 
made  in  a plate  of  metal,  or  other  thin  fubftance, 
and  carefully  filled  with  a drop  of  watei , fmall 
objedts  may  be  feen  through  it  very  diftindt,  and 
much  magnified.  But  there  are  fornc  difficulties  in 
the  management  of  thefe,  which  fmall  glaffes  art- 
free  from,  and  therefore  they  are  not  much  ufed. 

In  fadt,  cheapnefs  is  their  principal  recommenda- 
tion. 

VOL,  I. 
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k.  The  compound  microfcope,  by  means  of  which 
the  image  is  contemplated  inftead  of  the  objeCt,  is 
of  two  kinds,  the  lblar  and  the  common  double 

l microfcope.  The  folar  microfcope  is  thus  con- 
ftruCted  : let  ac  (fig.  99.)  reprefent  the  fide  of  a 
darkened  chamber,  l n a convex  lens,  fixed  oppo- 
fite  a perforation  in  ac,ob  a finall  objeCt,  and 
i»  o^a  white  fcreen  placed  within  the  chamber  oppo- 
fite  to  the  lens ; then,  if  the  objeCt  be  placed  at  a 
due  diftance  from  the  lens,  the  pencil  of  light  which 
proceeds  from  the  point  o will  converge  to  a focus 
on  the  fcreen  at  1,  and  the  pencil  which  proceeds 
from  the  point  b will  converge  to  a focus  at  m,  and 
the  intermediate  points  of  the  objeCt  will  be  de- 
picted between  1 and  m,  forming  a picture  which 
will  be  as  much  larger  than  the  object  in  propor- 
tion as  the  diftance  of  the  fcreen  exceeds  that  of  the 
image  from  the  lens  (324,  1).  This  is  the  prin- 
ciple on  which  the  inftrument  aCts,  but  it  is  ufual 
to  add  other  auxiliary  parts  as  a lens  or  fpeculum  to 
illuminate  the  objeCt  by  converging  the  Sun’s  light 
upon  it,  &c.  which  cannot,  with  fufficient  brevity, 
be  here  enlarged  upon.  The  folar  microfcope  is 
by  far  the  molt  pleafing  in  its  effeCts,  and  leaft 
offenfive  to  the  eyes  of  any  in  ufe. 

M I11  the  common  double  microfcrope  the  image  is 
contemplated  inftead  of  the  objeCt,  being  viewed 
through  a fingle  lens  in  the  fame  manner  as  the  ob- 
jeCt in  a fingle  microfcope.  Thus, 
n Let  l n (fig.  100.)  reprefent  a double  convex 
lens,  and  o b a final  1 objeCt,  fo  applied,  that  the 
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pencils  of  rays  which  emerge  from  it,  and  pafs 
through  the  lens,  may  converge  to  their  refpediye 
foci,  and  form  an  inverted  image  at  i m.  This 
image  will  be  as  much  larger  than  the  objed  in  pro- 
portion as  its  diftance  exceeds  that  of  the  objed 
from  the  lens  (32. 4,  1),  and,  if  it  be  viewed 
through  the  lens  f g,  will  again  be  magnified  upon 
die  principle  of  the  fingle  microfcope  (336,  f)  in 
proportion  as  its  diftance  from  the  eye  is  lefs  than 
fix  inches ; die  image  formed  by  the  firft  lens,  which 
is  called  the  object- glafs,  ferving  inftead  of  an  ob- 
jed for  the  fecond,  or  eye-glals.  But  it  is  to  be  o 
noted,  that  the  image  formed  in  the  focus  of  a 
lens  differs  from  the  real  objed  in  a very  effential 
particular  3 that  is  to  fay,  the  light  being  emitted 
from  the  objed  in  every  diredion,  renders  it  vifible 
to  an  eye  placed  in  any  pofition,  but  the  points 
of  the  image  formed  by  a lens  or  mirror  emitting 
no  more  than  a fmall  conical  body  of  rays,  which 
arrives  from  the  glafs,  can  be  vifible  only  when 
the  eye  is  fituated  within  its  confine.  Thus,  the  ? 
pencil  which  is  emitted  from  b in  the  objed,  and 
is  made  to  converge  by  the  lens  to  m,  proceeds 
afterwards  diverging  towards  h,  and  therefore  never 
arrives  at  the  lens  f g,  nor  enters  the  eye  at  e.  But 
the  pencils  that  proceed  from  the  points  o and  b 
will  be  received  on  the  lens  f g,  and  by  it  carried, 
parallel,  to  the  eye  3 confequently  the  correfpondeni 
points  of  the  image  i and  m will  be  vifible,  and 
thofe  which  are  fituate  farther  out  towards  1 and  m 
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will  not  be  feen.  This  quantity  of  the  image  i Ay 
or  vifible  area,  is  called  the  field  of  view. 
r Hence  it  appears,  that  if  the  image  i m be  large, 
a very  fmall  part  of  it  will  be  vifible,  becaufe  the 
pencils  of  rays  will  for  the  moft  part  fall  without 
the  eye-glafs  f g.  And  it  is  likewife  plain,  that  a 
remedy  which  would  caufe  the  pencils,  that  pro- 
seed  from  the  extremes  o and  b of  the  object,  to 
arrive  at  the  eye  will  render  a greater  part  of  it 
vifible  j or,  in  other  words,  enlarge  the  field  view. 

This  is  effected  by  the  interpofition  of  a broad  lens 
de  (fig?  ioi.)  of  a proper  curvature  at  a fmall  dif- 
tance  from  the  focal  image.  For,  by  that  means 
the  pencil  b m,  which  would  otherwife  have  pro- 
ceeded towards  h,  is  refradted  to  the  eye,  as  deli- 
neated in  the  figure,  and  the  mind  conceives  from 
thence  exiftence  of  a radiant  point  at  p,  from  which 
the  rays  lafi:  proceeded  (316,  1).  In  the  fame 
manner,  the  other  extreme  of  the  image  is  feen  at 
, and  the  intermediate  points  are  alfo  rendered 
t vifible.  On  thefe  confiderations  it  is,  that  com- 
pound portable  mrerofeopes  are  ufually  made  to 
confiil  of  an  obje&  lens,  l n,  by  which  the  image  is 
formed,  enlarged,  and  inverted,  an  amplifying 
lens,  d e,  by  which  the  field  of  view  is  enlarged, 
and  an;  eye-glafs  or  lens,  by  means  of  which  the 
eye  is  allowed  to  approach  very  near,  and  confe- 
quently  to  view  the  image  under  a very  great  angle 
of  apparent  magnitude  *. 

* The  aberration  of  the  refracted  rays  from  the  true  focus, 

which  antes  from  the  fpherical  figure  of  the  lens,  u e , the  prif- 
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The  magic  lanthorn  is  a microfcope  upon  the  u 
fame  principles  as  the  tolar  microfcope,  and  may  be 
ufed  with  good  effect  for  magnifying  fmall  tran- 
fparent  objedts  ; but  in  general  it  is  applied  to  the 
purpofe  of  amufement,  by  catling  the  fpecies  or 
image  of  a fmall  tranfparent  painting  on  glafs  upon 
a white  wall  or  fereen,  at  the  focal  ditlance  from  the 
inflrument.  After  what  has  already  been  laid,  it 
will  be  eafy  to  underftand  the  following  defeription 
of  its  component  parts. 

In  the  in  fide  of  a box  or  lanthorn  is  placed  v 
the  candle  or  lamp  c (fig.  102.)  whofe  light 
pafies  through  the  plano-convex  lens  n n,  and 
ftrongly  illuminates  the  object  o b,  which  is  a tranf- 
parent painting  on  glafs,  inverted  and  moveable 
before  n n,  by  means  of  a Aiding  piece  in  which 
the  glafs  is  fet  or  fixed.  This  illumination  is  ftill 
more  increafed  by  the  reAedlion  of  light  from  a 
concave  mirror,  s s,  placed  at  the  other  end  of  the 
box,  that  caufes  the  light  to  fall  upon  the  lens 
n n,  as  reprefented  in  the  figure.  Laftly,  a lens 
l l,  fixed  in  a Aiding  tube,  is  brought  to  the  requi- 
fite  difiance  from  the  objedt  o b,  and  a large  eredl 
image  1 m js  formed  upon  the  oppofite  wall. 

matic  colours  that  are  feparated  very  much,  and  the  lofs 
of  light  by  refledtion,  which  is  moll  confiderable  when  the 
refraction  is.  greateft,  and  the  caufes  why  in  the  belt  double 
microfcopes  three  or  more  lenfes  are  fubftituted  inltead  ot  th? 
*)ngle  amplifying  lens,  d e. 
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CHAP.  V. 

OF  REFRACTING  TELESCOPES;  OR  THE  DIOPTRIC 
INSTRUMENTS,  BY  MEANS  OF  WHICH  REMOTE 
OBJECTS  ARE  RENDERED  LARGE  AND  DISTINCT 
TO  THE  VIEW. 

w \ S the  microfcope  is  calculated  to  obviate  the 
JT\  defers  of  vifion  with  regard  to  objects, 
whofe  angles  of  apparent  magnitude  are  too  fmall 
for  hght  on  account  of  the  fmalinels  of  the  objects 
themfelves,  fo  telefcopes  are  adapted  to  improve 
the  fenfe  with  refped  to  objeds,  whofe  angles  of 
apparent  magnitude  are  too  fmall  for  f ght  by  rea- 
fon  of  their  remotenefs  or  diftance.  The  inten- 
tion of  both  instruments  is  the  fame,  namely,  to 
increafe  that  angle,  and,  by  confequcnce,  the  tele- 
fcope  differs  very  little  from  the  compound  micro- 
fcope, except  in  fome  particulars  of  convenience. 

x Let  ln  (fig.  103.)  reprefent  a convex  lens,  and 
o b a diftant  object;  then  the  pencils  of  rays  will  be 
collected  into  their  refpedive  foci,  and  form  the 
inverted  image  1 m,  to  which  the  eye,  by  means  of 
the  lens  e e,  may  approach  fo  near  as  to  view  it 
very  large  and  diftind.  This  is  the  common  aftro- 
nomical  telefcope. 

y But,  as  it  is  inconvenient  to  view  objects  on  the 
earth  inverted,  there  are  ufually  contrivances  an- 
nexed to  the  telefcope  by  which  the  image  becomes 
ered  as  well  as  the  objed.  The  fimpleft  of  thefe 

is 
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is  the  following,  where  a concave  is  fubftituted  in- 
Head  of  the  convex  eye-glafs. 

Let  ln  (fig.  104.)  reprefent  the  objedt-glafs  7. 
as  before,  and  o b a diftant  objedt.  Then  the 
pencils  from  the  refpedtive  points  of  the  objedt 
would  converge  to  their  foci,  and  form  the  in- 
verted image  i m,  if  the  lens  e e were  not  inter- 
pofed.  But  the  lens  ee  being  a double  concave, 
occafions  the  rays  to  diverge  more  than  befoie ; 
fo  that  the  rays  which  are  emitted  from  b in  the 
objedt,  inftead  of  converging  to  m,  are  made  to 
proceed  parallel  towards  h.  For  the  fame  reaion 
the  rays  from  o are  made  to  proceed  parallel  to- 
wards k;  the  intermediate  pencils  being  affedted 
in  the  fame  manner.  Now,  fince  parallel  rays  caufe 
diftind  vifion,  it  is  plain,  that  an  eye  placed  in  the 
pencil  h,  will  conceive  it  to  be  emitted  from  fome 
point,  fuppofe  m,  fituated  in  the  laft  direction  of 
the  rays,  and  the  image  of  b will  be  feen  at  m. 
By  the  fame  argument,  the  image  of  o will  be  feen 
at  i,  by  an  eye  fituated  at  k,  and  the  like  for  the 
intermediate  points.  Therefore,  an  image  will  be 
feen  at  i m,  eredt  or  fimilarly  fituated  with  the  objedt 

itfelf. 

This  telefcope  reprefents  objedts  very  bright  and 
clear,  and  as  much  magnified  as  the  other  does, 
but  is  unpleafant  in  its  ufe,  on  account  of  the 
contradled  field  of  view.  For  the  pencils,  being 
rendered  divergent  with  refpedt  to  each  other,  pafs 
moftly  on  one  or  the  other  fide,  without  enteiing 
the  pupil  of  the  eye,  and  therefore  a very  fmall 
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part  of  the  image  can  be  leen  at  once : thus,  if 
the  eye  be  at  h,  it  will  view  the  point  in,  and  if 
it  be  moved  towards  k,  it  will  fee  in  fucceflion  al} 
the  parts  of  the  image  towards  i : but,  as  the  pupil 
of  die  eye  is  not  broad  enough  to  receive  the  pen- 
cils h and  k at  the  fame  time,  the  points  m and  i 
cannot  be  feen  at  once.  The  larger  the  pupil  and 
the  nearer  it  is  placed  to  the  eye-glafs,  the  more 
pencils  enter  the  eye  at  once.  Confequently  the 
field  of  view  is  largefl  under  thefe  circumftances^ 
and  in  all  other  cafes  lefs. 

By  the  addition  pf  two  eye-glaiTes  to  the  aflrono- 
mical  telefcope,  it  is  adapted  to  terreftrial  objedts, 
the  field  of  view  remaining  the  fame.  Thus,  the 
lens  f f (fig.  105.)  which  is  fimilar  to  e e,  being 
placed  at  twice  the  focal  diftance  for  parallel  rays 
from  e e,  receives  the  pencils  of  parallel  rays  after 
they  have  croffed  each  other  at  x,  and  forms  an 
image  at  i m,  fimilar  and  equal  to  1 m,  but  con- 
trary in  pofition,  or  eredt ; which  lafb  image  is 
viewed  by  the  lens  o c.  This  is  the  common  tele- 
fcope, and  diough,  by  reafon  of  the  number  of 
lenfes,  it  does  not  reprefent  objedts  fo  bright  as  the 
foregoing,  yet,  its  ample  field  of  view  makes  it 
pnuch  more  pleaiing  and  ufeful  *. 

* The  eye  piece  of  telefcopes  is  ufually  fitted  up  with  fire 
or  more  lenfes,  for  reafons  fimilar  to  thofe  mentioned  in  the 

1 * " 

note  on  page  3^0.  Their  distances  are  often  adjufted  in 
fuch  a manner  that  they  magnify  the  hrft  image  1 m on  the 
compound  rr.icrofcopc  principle. 
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The  exhalations  which  continually  rife  from  the  © 
£arth,  render  the  air  lefs  tranfparent,  (293)  efpe- 
cially  near  the  Earth,  where  the  mixture  is  left 
complete,  and  therefore  the  celeftial  bodies  are 
feen  much  more  obfcure  when  in  the  horizon  than 
when  at  any  confiderable  elevation  j for  in  the  firft 
cafe,  they  are  viewed  through  that  part  of  the 
atmofphere  which  is  contiguous  to  the  furface  of  the 
Earth,  and  in  the  latter  through  a part  which  is 
at  a greater  diftance.  But  this  obfcurity  is  the 
leaft  part  of  the  inconvenience.  The  rifing  exha-  o 
lations  have  a kind  of  undulating  motion,  like 
that  of  fmoke  or  fleam,  fo  that  obje&s  feen  through 
them  appear  to  have  a tremulous  or  dancing  mo- 
tion, which  is  fenfible  even  to  the  naked  eye,  if 
diftant  objefts  be  viewed  in  a hot  fummer’s  day. 
Hence  alfo  the  liars  twinkle,  and  the  lhadow  of 
lofty  buildings  have  a tremulous  motion.  In  te-  z 
lefcopes  this  effedt  is  Hill  more  perceptible,  inlb- 
much  as  to  render  them  intirely  ulelefs,  for  terref- 
trial  objefls,  when  they  augment  the  appaient  mag- 
nitude more  than  eighty  times  *.  But  when  objetts 
in  the  heavens  are  viewed  at  any  confiderable  alti- 
tude, inftruments  may  be  ufed  which  magnify  many 
thoufands  of  times. 

* That  accurate  and.  enlightened  aftronomer  Alexander 
Aubert,  Efq.  obferves,  that  this  undulation  is  the  greateft 
when  the  telefcope  is  not  placed  in  the  open  air,  but  within  a 
room.  For  the  temperature  of  the  room  being  feldom  cor- 
tefpondent  with  that  which  obtains  abroad,  there  is  aljnoft 
always  a confiderable  undulation  produced  at  the  window 
where  the  ftreams  of  hot  and  cold  air  mix.  Herfchel  uies  hjs 

^elefcopes  in  the  open  air.  From 
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r From  this  want  of  tranfparency  in  the  atmofphere 
arifes  that  gradual  diminution  in  the  light  of  ob- 
jects, which  painters  call  the  aerial  perfpe&ive ; for, 
if  the  air  were  perfedtly  tranfparent,  an  objeft 
would  be  equally  luminous  at  all  diftances,  be- 
caufe  the  viftble  area  and  the  denfity  of  iight  de- 
creafe  in  the  fame  proportion,  namely,  as  the  fquare 
c of  the  diftance.  It  is  from  this  gradual  diminu- 
tion of  light,  together  with  the  angle  of  apparent 
magnitude,  that  we  eftimate  diftances  and  becaufe 
the  celeftial  bodies,  when  near  die  horizon,  are 
more  obfcure,  for  the  reafon  urged  above  (345,  f), 
though  their  relpeftive  apparent  magnitudes  remain 
unaltered,  or  in  a fmall  degree  diminifhed,  we 
adopt  the  notion  of  their  being  actually  larger  at 
h that  time.  Thus,  likewife,  men  feen  through  a 
mift  appear  gigantic,  the  obfcurity  caufing  us  to 
imagine  them  more  diftant  than  they  really  are. 

1 But,  in  die  cafe  of  the  heavenly  bodies,  there  is 
another  circumftance  diat  tends  to  deceive  us  in 
our  judgment  of  the  diftance  : we  conceive  the  Iky 
to  be  a concave  dome ; and  as  the  clouds  towards 
the  horizon  are  evidently  more  diftant  than  thofe 
near  the  zenith,  we  imagine  the  horizontal  radius 
k to  be  much  longer  than  die  vertical.  From  this 
notion  we  regulate  our  ideas  with  regard  to  the  dif- 
tanceof  the  heavenly  bodies,  at  different  altitudes; 
which  diftance,  we  fuppofe  to  be  greater  than  they 
are  nearer  the  horizon,  and  we  are  confequently 
led  to  imagine,  that  they  are  larger  at  that  time. 


By 
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Bv  the  folar  microfcope  and  magic  lanthorn,  l 
we  have  feen  that  the  fpecies  of  near  objeds  may 
be  call  on  a fcreen  in  a darkened  chamber.  The 
camera  obfcura  has  the  lame  relation  to  the  tele- 
fcope,  as  the  folar  microfcope  has  to  the  common 
double  microfcope,  and  is  thus  conftruded. 

Let  cd  (fig.  106.)  reprefent  a darkened  cham-  M 
ber  perforated  at  l,  where  a convex  lens  is  fixed, 
the  curvity  of  which  is  fuch,  that  the  focus  of 
parallel  rays  falls  upon  the  oppofite  wall.  Then, 
if  ab  be  an  objed  at  luch  a diftance,  that  the 
rays  which  proceed  from  any  given  point  of  its 
furface  to  the  lens  l,  may  be  efteemed  parallel,  an 
inverted  pidure  will  be  formed  on  the  oppofite 
wall.  For  the  pencil  which  proceeds  from  a will 
converge  to  a,  and  the  pencil  which  proceeds  from 
B will  converge  to  b,  and  the  intermediate  points 
of  the  objed  will  be  depided  between  a and  b. 
This  is  one  of  the  moft  pleafing  and  delightful  ex- 
periments in  optics,  and  never  fails  to  ftnke  the 
beholder  with  furprife  and  admiration.  Its  only 
defed  is  the  inverted  pofition  of  the  pidure,  w ic 
may  be  remedied  by  feveral  methods.  But  as 
they  all  tend  to  make  the  image  lefs  lively,  they 

are  feldom  ufed. 
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J)F  THE  IMPERFECTIONS  OF  TELESCOPES,  AN® 
THEIR  REMEDIES  j AND  OF  THE  ACHROMATIC 
TELESCOPE. 

jj  QINCE  the  conftrudtion  of  a telefcope  confifls 
O in  nothing  more  than  viewing,  by  means  of 
a microfcope  or  eye-glafs,  the  image  which  is 
formed  in  the  focus  of  the  objedt-glafs  j it  may 
feem  eafy  to  make  a telefcope  with  a given  objeft- 
glafs,  that  fhall  magnify  in  any  affignabie  degree. 
For,  if  the  eye-glafs  be  rendered  more  and  more 
convex,  the  eye  may  be  permitted  to  approach 
nearer  and  nearer  to  the  Image,  and  confequently 
to  view  it  under  an  angle  of  apparent  magnitude 
that  fhall  be  greater  and  greater,  as  required. 
But  this  is  unattainable  on  two  feveral  accounts, 
o The  firft  is,  that  fpherical  furfaces  do  not  refradt 
the  rays  of  light  accurately  to  a point,  as  has  al- 
ready been  obferved ; and  the  fecond  and  mofl 
p confequential  is,  that  the  rays  of  compounded 
light,  being  differently  refrangible,  come  to  their 
refpedtiye  foci  at  different  diflances  from  the  glafs, 
the  more  refrangible  rays  converging  fooner  than 
thofe  which  are  lefs  refrangible.  This  is  evident 
from  what  has  already  been  faid  on  that  fubjedt, 
and  is  likewife  confirmed  by  experiment ; for  a 
pap?r,  painted  intenfely  red,  and  properly  illumi- 
nated. 
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natfcd,  will  caft  its  fpecies,  by  means  of  a 
lens,  on  a fcreen  at  a greater  diftance  than  will 
another  blue  paper  by  the  fame  lens  in  like  cir- 
cumftances.  And  here  it  may  be  noted,  that  the 
lens  proper  for  this  experiment  muft  be  very  flat, 
or  a portion  of  the  furface'of  a large  fphere. 
Hence  the  fpecies  or  image  of  a white  objefr  may 
be  faid  to  confift  of  an  indefinite  number  of  co- 
loured images,  the  violet  being  neareft,  and  the 
red  fartheft  from  the  lens,  and  the  images  of  inter- 
mediate colours  at  intermediate  diftances.  The 
aggregate,  or  image  itfelf,  muft  therefore  be  ift 
fome  degree  confuted,  and  this  confuflon,  being 
very  much  increafed  by  the  magnifying  power,  or 
eye-glafs,  renders  it  neceffary  to  ufe  an  eye-glafs 
of  a&  certain  limited  convexity  to  a given  objeft- 
glafs.  For  which  reafon,  if  it  be  required  to  con-  s 
ftrutt  a telefcope  that  fhall  magnify  objects  in  a 
greater  degree  than  a given  telefcope,  the  objecl- 
glafs  muft  be  lefs  convex,  and  of  confequence  its 
focal  diftance  longer.  Thus  an  objeft-glafs  of  4 T 
feet  focal  length  will  bear  an  eye-glafs  of  about  i4 
inch  focus,  and  will  magnify  objefts  in  length  or 
diameter  40  times : one  of  25  feet  focal  length 
will  bear  an  eye-glafs  of  3 inches  focus,  and  mag- 
nifies loo  times  i and  one  of  100  feet  will  bear  an 
eye-glafs  of  fix  inches,  and  magnifies  200  times* 

It  is  alfo  necelTary  to  limit  the  aperture  of  the  ob-  u 
jedt-glafs,  to  exclude  thofe  rays  which  are  incident 
at  too  great  diftances  from  the  center ; for  thofe, 

bein*  more  refrafted,  are  more  particularly  fttb- 
® ject 


IMPROVEMENTS  IN  TELESCOPES. 


35° 

jedt  to  the  irregularities  which  arife,  either  from 
the  figure  of  the  glafs  or  the  unequal  refradtion  of 
light.  The  diameter  of  the  apertures  of  object 
lenfes,  of  equal  goodnefs,  fhould  be  as  the  fquare 
roots  of  their  focal  lengths, 
r The  great  inconvenience  and  difficulty  of  ma- 
naging the  longer  telefcopes,  occafioned  the  phi- 
lofophic  world  to  fix  their  thoughts  upon  the 
means  of  converging  the  rays  of  light  without  le- 
parating  them  into  their  component  colours.  The 
expedients  for  that  purpofe  were  firft  perfected  by 
w Sir  Ifaac  Newton  and  Mr.  Doliond.  The  focal 
image  in  the  telefcope  of  Sir  Ifaac  Newton  is  formed 
by  refledtion  from  fpeculums  or  mirrors,  and  be- 
ing therefore  free  from  the  irregular  convergency 
of  the  various  rays  of  light,  will  admit  of  a much 
larger  aperture,  and  bear  the  application  of  a very 
x great  magnifying  power.  The  difficulties  which 
attend  this  infbrument,  are  the  tarnifhino-  of  the 
metalline  fpeculums,  and  the  very  great  accuracy 
required  in  giving  them  the  true  figure,  for  an 
error  in  a reflecting  furface  afFedts  the  diredtion 
of  the  rays  much  more  than  a like  error  in  a re- 
y fradting  furface.  Yet  this  telefcope  is,  notwith- 
t (banding,  the  belt  in  ufe.  Mr.  Dollond’s  inven  - 
tion  confifts  in  the  ufe  of  a compound  objedt-glafs, 
which  is  ufually  termed  achromatic,  or  colour- 
lefs,  from  its  property ; and  the  principal  imper- 
fedtion  in  the  practice,  is  the  difficulty  of  pro- 
curing glafs  that  fhall  be  uniformly  of  the  fame 
refradtive  denfity.  As  we  are  now  fpeaking  of 

dioptrics. 
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dioptrics,  it  will  be  more  regular  to  defcribe  the 
achromatic  telefcope  firft,  and  refer  the  other  to 
its  place,  where  we  lhall  explain  the  properties  of 
inftruments  that  a d on  the  principle  of  reflection. 

Becaufe  the  component  rays  of  light  differ  a 
from  each  other  in  refrangibility,  they  are  fepa- 
rated  from  each  other  by  refradion,  and  be- 
caufe they  are  all  refraded  fo  as  to  preferve  a 
conftant  ratio  between  the  fines  of  the  angles  of 
incidence  and  refradion,  that  reparation  muff  be 
greateft  when  the  whole  beam  of  light  is  moil  de- 
flected from  its  courfe.  From  hence  opticians  have 
concluded,  and  there  is  a paffage  in  Sir  Ifaac 
Newton’s  * optics,  that  feems  to  confirm  the  opi- 
nion, that  prilms,  which  defied  the  whole  beam 
of  light  equally  out  of  its  courfe  at  like  incidences, 
will°  however  different  their  refradive  denfiries, 
occafion  alfo  an  equal  reparation  or  divergency  of 
the  component  rays : or,  in  other  words,  that  if 
the  emergent  refraded  light  from  the  furface  of  a 
given  prifrn  be  immediately  received  on  the  fur- 
face  of  a fecond  prifrn,  which  fhall  refrad  it  equal- 
ly in  the  contrary  diredion,  fo  that  at  its  emer- 
gence, it  fhall  proceed  parallel  to  the  firft  incident 
beam,  this  laft  emergent  light  will  continue  white, 
however  different  the  matter  of  the  fecond  prifrn 
may  be  from  that  of  the  firft.  But  this  Mr.  Dol-  b 
lond  has  fhewn  to  be  ill-founded,  for,  by  his  ex- 
periments it  appears,  that  the  different  kinds  of 

* Book  I.  Part  2.  Experiment  \ III. 
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glafs  differ  extremely  with  refpeCt  to  the  divergency 
of  colours  produced  by  equal  refractions.  He 
found  that  two  prifms,  one  of  white  flint-glafs, 
whofe  refracting  angle  was  about  2 5 degrees>  and 
another  of  crown-glafs,  whofe  refracting  angle  was 
about  29  degrees,  refraCted  the  beam  of  light  near- 
ly alike,  but  that  the  divergency  of  colour  in  the 
white-flint  was  confiderably  more  than  in  the  crown- 
glafs  ; fo  that,  when  they  were  applied  together, 
to  refraCt  contrary  ways,  and  a beam  of  light  tranf- 
mitted  through  them,  though  the  emergent  con- 
tinued parallel  to  the  incident  part,  it  was,  not- 
withftanding,  feparated  into  component  colours. 
Whence  he  inferred,  that,  in  order  to  render  the 
emergent  beam  white,  it  is  neceffary  that  the  re- 
fracting angle  of  the  prifm  of  crown-glais  fhould 
be  increafed ; and  by  repeated  experiments,  he 
difcovered  the  exaCt  quantity.  But  this  colourlefs 
emergent  light  was  not  then,  by  reafon  of  the  in- 
creafed angle  of  the  prifm  of  crown-glafs,  paral- 
lel to  the  incident  ray,  but  was  refraCted  towards 
the  bafe  of  the  laft  mentioned  prifm. 
c By  thefe  means  he  obtained  a theory,  in  which 
refraCtion  was  performed  without  any  feparation  or 
divergency  of  colour,  and  which  it  was  not  dif- 
ficult to  apply  in  the  conftruCtion  of  the  objeCt- 
d glaffes  of  telefcopes.  Let  abed  (fig.  107.)  re- 
prefent  a double  concave  lens  of  white  flint-glals, 
and  a g d f a double  concave  of  crown-glafs ; then 
the  parts  of  the  lenfes  which  are  on  the  fame  fide 
of  die  common  axis,  namely,  acb  and  afg,  may 

be 
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be  conceived  to  aft  like  two  prifms,  which  refraft 
contrary  ways,  and  if  the  excefs  of  refraftion  in  the 
crown-glais  afg  be  inch  as  precifely  to  deftroy 
the  divergency  of  colour  caufed  by  the  flint-glafs 
acb,  the  incident  ray  s h will  be  refrafted  to  x, 
without  any  produftion  of  colour.  The  fame  is 
alfo  true  of  the  ray  s h,  and  of  all  the  other  inci- 
dent rays,  and  confequently  the  whole  focal  image 
formed  by  this  compound  objeft-glafs  will  be 
achromatic,  or  free  from  colour  which  might  arile 
from  refraftion.  It  will  therefore  bear  a larger 
aperture,  and  greater  magnifying  power,  and  of 
courfe  enlarge  objefts  much  more  than  a common 
refrafting  telefcope  of  the  fanle  length. 

It  is  more  convenient  on  feyeral  accounts  to  s 
combine  three  lenfes  together,  one  double  concave 
of  flint-glafs  between  two  convexes  of  different  kinds 
of  crown-glais  j and  the  glalfes  may  be  fo  adjufted 
to  each  other,  as  not  only  to  form  a focal  image 
without  the  prilmatie  colours,  but  alfo  free  from 
the  defefts  which  in  other  lenfes  arife  from  their 
lpherical  figure. 

The  greateft  impediment  to  the  conflruftion  of  f 
large  achromatic  telefcopesj  as  has  been  obferved, 
(350,  z)  is  the  want  of  a flint-glafs  of  an  uniform 
refrafting  denfity.  Fortunately  for  Dollond,  this 
kind  of  glafs  was  procurable  when  he  began  to 
make  achromatic  tele! copes,  though  the  attempts 
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of  many  ingenious  chemifts  have  fincc  been  exerted 
to  make  it,  without  much  i'uccefs  *. 


CHAP.  VII. 

. * i • 

OF  CATOPTRICS,  OR  THE  REGULAR  REFLECTION  OF 
LIGHT  J AND  OF  THE  REFLECTING  TELESCOPE. 

G |T  has  been  ftiewn,  (317,  M)  t^iat  a fur^*acc 
A may  be  conftru&ed  that  fhall  refledt  the  rays 
of  a given  pencil  of  light,  fo  as  to  make  them 
either  converge  to  a point,  diverge  from  a point, 
or  proceed  parallel  to  each  other,  anis  fuiface 
may  be  either  plane  or  curved. 

H A plane  mirror  refleas  a pencil  of  light  unde'r 
the  fame  circumftances  as  it  was  incident  j that  is 
to  fay,  if  a pencil,  which  emanates  from  a given 
point,  be  incident  on  the  mirror,  it  is  refleaed  fo, 
that  its  rays  proceed  with  the  fame  divergency 
from  another  point,  whole  diftance  behind  the 
mirror  is  equal  to  the  diftance  of  the  radiant  point 

* The  author  is  credibly  informed,  that  the  glafs  employed 
by  Dollond  in  the  fabrication  of  his  belt  telefcopes,  was  all 
of  the  fame  melting,  or  made  at  one  time ; and  that,  ex- 
cepting this  particular  treafure,  cafually  obtained,  good 
denfe  glafs  for  achromatic  purpofes  Was  always  as  difficult 
to  be  procured  as  it  is  now. 
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before  the  mirror  from  the  place  of  incidence; 
and  if  the  pencils  of  rays,  which  emanate  from  a 
given  furface,  be  incident  on  the  mirror,  they  will 
be  refledted  fo  as  to  preferve  the  fame  inclinations 
to  each  other  as  before,  and  therefore  will  appear 
to  proceed  from  a furface,  whofe  magnitude  and 
diftance  behind  the  mirror  are  exadtly  equal  to  thole 
of  the  radiant  furface  (3i7j  k*)  Hence  it  is,  tnat 
plane  mirrors  refledt  the  lpecies  of  objedts,  which 
are  equal,  like,  and  fimilar  in  pofition  with  the 
objedts  themfelves. 

Concave  mirrors  render  the  pencils  of  rays,  i 
which  are  incident  upon  them,  more  convergent, 
and  convex  mirrors  render  them  more  divergent, 
(318,  0.)  If  the  mirrors  be  regularly  formed, 
according  to  the  proper  curve,  the  convergent  or 
divergent  light  of  any  pencil  after  refledtion  will 
refpedt  fome  particular  point  of  lpace. 

A portion  of  a fphere,  whole  breadth  is  about  K 
fifteen  degrees,  differs  very  little  from  the  curve 
furface,  by  which  parallel  rays  would  be  made  by 
refledtion  to  converge  to,  or  diverge  from,  a point. 

It  is  therefore  in  many  cafes  ufed  for  that  puipofe, 
as  being  much  eafier  to  conftrudt. 

There  is  a great  refemblance  between  the  pro-  l 
perties  of  convex  lenfes  and  concave  mirrors,  and  s 
between  the  properties  of  concave  lenfes  and  con- 
vex mirrors.  Convex  lenfes  and  concave  miirois  M 
form  an  inverted  focal  image  of  any  remote  objedt 
by  the  convergence  of  the  pencils  of  rays;  concav^  n 
lenfes  and  convex  mirrors  do,  in  general,  form  an . 
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ereX  image  in  the  virtual  focus,  by  the  diver- 
o gence  of  the  pencils  of  rays.  In  thofe  inftru- 
ments,  whole  performances  are  the  effects  of  re- 
flexion, the  concave  mirror  is  fubftituted  in  the 
place  of  the  convex  lens,  and  the  convex  mirror 
P may  be  ufed  inftead  of  the  concave  lens  : but  their 
difpofitions  with  refpeX  to  each  other,  when  com- 
bined, muff  neceffarily  differ  from  thofe  of  lenfes, 
on  account  of  the  opacity  of  the  one,  and  the  tran- 
fparency  of  the  other. 

Let  ar  (fig.  108.)  reprefent  the  polilhed  fphe- 
rical  furface  of  a concave  mirror,  and  oe  an  objeX 
fituated  without  the  center  of  the  mirror  j then 
the  pencil  of  rays,  which  is  emitted  from  the 
point  o,  will  fall  on  the  mirror  j and,  after  re- 
fleXion,  converge  to  the  focus  1 ; the  pencil 
from  b will  converge  to  m,  and  the  like  will  hap- 
pen to  thofe  emitted  from  the  intermediate  points, 
whofe  foci  will  be  found  between  1 and  m.  There 
will  confequently  be  formed  before  the  mirror  an 
inverted  focal  image,  refembling  that  which  is 
formed  by  a convex  lens  (32 4,  h.) 
r Let  ar  (fig.  1 09.)  reprefent  the  poiifhed  fphe- 
rical  furface  of  a convex  mirror,  and  ob  an 
objeX : then  the  pencil  of  rays,  which  is  emitted 
from  the  point  o,  will  fall  on  the  mirror,  and 
' after  relleXion  diverge  from  the  virtual  focus  i; 
the  pencil  from  b will  emerge  from  m,  and  the 
like  will  happen  to  thofe  emitted  from  the  inter- 
mediate points,  whofe  virtual  foci  will  be  found 
between  1 and  m.  There  will  confequently  be 
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formed  behind  the  mirror  an  ereft  focal  image, 
refembling  that  which  is  formed  by  a concave 

lens.  ; 

Let  ar  (fig.  no.)  reprefent  a concave  mirror,  s 
whole  center  is  c,  and  ob  an  objeft  fituated  wi.h- 
out  the  center.  Through  the  center  c,  from  o, 
draw  the  line  on,  which  will  be  perpendicular 
to  the  mirror  at  n,  and  will  therefore  repiefent 
both  the  incident  and  reflected  ray,  which  pio- 
ceeds  from  o,  and  is  reflected  at  n : the  local 
reprefentation  or  image  of  o will  confequently  be 
found  in  that  line.  Through  c,  from  b,  draw  the 
line  bv,  and  by  the  fame  realoning  the  focal  image 
of  b will  be  found  in  that  line.  Draw  the  line  or 
ray  ov,  and  it  will  be  reflected  fo  as  to  crofs  the 
ray  on  at  i,  the  angle  of  reflexion  ivc  being 
equal  to  the  angle  of  incidence  ovc.  This  inter- 
fedion  of  the  rays  determines  the  focal  point  of 
o,  which  is  i.  From  b to  n draw  the  ray  bn,  and 
its  reflection  will  determine  the  focus  of  b,  which 
is'M,  and  the  image  will  be  inverted. 

Let  ar  (fig.  in-)  reprefent  a convex  mirror,  t 

and  the  other  reprefentations  and  conflrudion  be 
as  in  the  laft  figure.  The  focal  reprefentatiops  of 
o and  b will  be  found  in  the  lines  oc  and  bc, 
and  the  reflected  part  of  the  ray  ov  will  virtu- 
ally crofs  the  line  oc  at  1 3 the  reflected  part  01 
the  ray  bn  will  alfo  virtually  crofs  the  line  bc  at  M. 
Thele  interfeftions  will  determine  the  place  oi  the 
focal  image  im,  which  will  be  erect. 
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u Hence  it  appears  to  be  the  property  of  thefe 
mirrors,  that  the  object  and  the  image,  if  viewed 
from  the  center  of  the  fphere,  are  feen  under 
equal  angles;  for,  the  angle  ocb  is  equal  to 

v the  angle  icm  ; and  that  the  objeCt  and  image, 
if  viewed  from  the  point  of  reflection,  are  feen 
under  equal  angles ; for,  the  angle  ovb  is  equal 
to  the  angle  ivm.  From  this  it  is  eafy  to  find 
the  pofition  and  magnitude  of  the  focal  image, 
if  the  pofition  and  magnitude  of  the  objeCt,  and 
the  diameter  of  the  fphere,  of  which  the  mirror 
is  a part,  be  known. 

w The  reflecting  telefcope,  which  was  made  by 
Sir  Ifaac  Newton,  was  of  the  following  form. 

Let  defg  (fig.  1 1 2.)  reprefent  a tube;  at 
one  end  of  which  is  placed  the  concave  mirror 
ar,  and  let  ob  reprefent  a diflant  objeCt ; then 
the  pencils,  which  are  emitted  from  the  feveral 
points  of  its  furface,  will  be  collected,  and  form 
an  inverted  image  i m.  But  by  the  interpofition  of 
the  plane  mirror  kc,  the  rays  are  reflected,  and  the 
image  is  formed  at  im,  which  is  feen  very  much 
magnified  by  means  of  the  plano-convex  lens 
at  l. 

x The  immenfely  powerful  telefcopes  ofHerfche! 
are  on  this  conflruCtion.  This  capital  artift,  and 
moft  affiduous  aftronomer,  has  made  feveral  fpe- 
culums,  which  are  lb  perfeCt  as  to  bear  a magnify- 
ing power  of  more  than  fix  thoufand  times  in 
diameter  on  fome  of  the  fixed  liars  *.  The  largelt 
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telefcope  completed  by  him,  and  far  exceeding 
in  all  refpeCts  any  yet  attempted,  has  an  objeCt 
fpeculum  of  twenty  feet  focal  length,  and  bears 
an  aperture  of  eighteen  inches  and  feven  tenths 

of  an  inch  ! 

The  reflecting  telefcope,  which  is  molt  in  ufe  y 
iit  prefent,  is  compofed  of  two  concave  mirrors  of 
different  radii.  The  larger  concave  ar  (fig.  113) 
forms  the  focal  image  im,  which  ferves  as  an  objeCt 
for  the  final  1 mirror  kc:  a fecond  image  im  is 
formed  by  the  mirror,  the  rays  pafling  through 
the  amplifying  lens  l,  which  is  placed  in  a hole  or 
perforation  in  the  center  of  the  great  mirror  ar. 
This  image  is  ereCt,  and  is  viewed  much  enlarged 
through  the  eye-glafs  or  lens  p. 

In  good  reflecting  telefcopes  the  objed  fpeculum  z 

is  not  of  a fpherical  form. 

Reflecting  microfcopes  are  fometimes  made;  a 

the  method  of  conltruCting  which,  as  alfo  ot  other 
inftruments,  may  be  deduced  from  what  has  been 
faid  concerning  reflecting  telefcopes. 


The  end  of  the  flrlt  volume. 
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Orbits , 197—207. 
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Philo fophizing,  rules  of,  6. 

Philofophy , natural,  its  proofs,  5.  how  acquired,  100. 
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Precejjion  of  the  equinoxes,  240. 

PreJJ'ure,  is  lefs  than  impulfe,  34. 

Pringle , Sir  John,  103. 

Prifm,  264  & feq. 

Projectiles,  97. 

Pulley,  61—  64. 

R 

Radiant  point , 316. 

Rainbow,  273  & feq. 

Refection  of  light,  defined,  261.  analogous  to  rcfra&ion, 
292.  regular,  317.  r 

Refcxibility,  270. 

Refraction,  261.  regular,  320. 

Refrangibility , 264. 

Repulfon,  47.  apparently  exerted  between  floating  bodies,  50. 
Retarded  motion , 31,  32. 

Revolving  bodies,  94 — 99. 

Right  afcenfion,  182. 

Rotner,  JVlonf.  254. 

Rules  of  philofophizing,  6. 
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Saturn  and  its  ring,  137.  179. 

Screw,  68  & feq. 

Seafons , 180 — 188. 

Shadow  of  the  earth,  1 10. 

So  If  ice,  187. 

Spectacles,  333. 

Speculum.  See  Mirror . 

SpeCtrum,  266  Sc  feq. 

Stars,  fixed.  See  Fixed  Stars . 

Sun,  104.  its  parallax,  131.  telefcopic  appearance,  174.  its 
atmofphere,  175, 

Swing-wheel,  88. 

Synthefs  and  analyfis,  100. 


T Tackle, 
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^CtUfcopesl  refracting,  342.  their  imperfeaions,  348.  sche- 
matic, 35 1 — 353*  reflecting,  35^- 
'Termination , 183. 

Tides  explained,  241 251. 

T ranfit  of  Venus  over  the  Sun's  difc , I 32  1 30. 

Transparency.,  its  caufe,  294* 

Tropics , 188. 
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Undulation  of  the  air , 345, 
Univerfe , fyftem  of,  174- 
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Variation  of  the  moons  motion , 1 44. 

Velocity , final,  29,  31.  initial,  32. 

/Wr,  its  apparent  motions  and  proportion 
the  fun,  105— 107.  1 13.  tranfit  over  the 

j 2 136.  telefcopic  appearance,  170. 

Vifany  258.  327  & feq. 
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Wedge , 66 — 68. 

mtbJji'Ur.  his  inftrument  for  meaning  the  time  em- 
ployed  by  falling  bodies,  42. 
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liar,  natural,  187.  natural,  periodical,  and  fideral,  24°; 
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Zenith , 1824 
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